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Geographical and time distribution of radioactivity in the air 


I. H. Buirrorp, Jr., H. Frrepman, L. B. LockHart, gr., and R. A. Baus 
U.S. Naval Research Laboratory, Washington 25, D.C. 


(Received 6 March 1956) 


Abstract—This paper describes the results of continuous measurements on both natural and fission 
product radioactivity of the air at ground-level over a five-year period beginning in 1950. The average 
atmospheric radon and thoron concentrations are given for fifteen places in different parts of the world. 
In some cases the diurnal and seasonal variations in these quantities have been determined from 


continuous measurements. 
At Washington, D.C., fission-product activity from atomic bombs has been detected in the air 


for more than 70% of the days from January 1950 to the present time. Similar results have been observed 
for a number of other locations., Except for short periods, the fission-product beta activity has remained 
lower than the natural background. The highest concentration was measured at San Diego, California, 
following the tests of February 1951, where the average fission-product beta activity for a 24-hour 
period was approximately 6 x 10718 curie per cubic centimetre of air. 


INTRODUCTION 


Wiru the advent of atomic weapons, there has been a revived interest in the general 
subject of radioactivity of the air. Past measurements have been made regularly 
at only a few sites and occasionally at others. This paper reports the results of a 
rather extensive series of measurements on both the natural radioactivity of the 
air and the contribution of radioactive atomic-bomb debris to this activity. The 
data were obtained during five years of continuous operation and at a number of 
locations in various parts of the world. 


EXPERIMENTAL PROCEDURE 


The collection of particulate activity was accomplished by passing air through filter pads 
of known transmission characteristics. In the case of natural activity the filters are about 
75% efficient and retain the naturally occurring radium and thorium decay products, but not 
their gaseous precursors, radon and thoron. For fission products, the filters are essentially 
100%, efficient. 

Identical filter-type air-sampling units were operated at naval activities at the following 
locations (BLIFFORD et al., 1955): 

Washington, D.C. 

Glenview, Illinois (deactivated September 1951) 

Kodiak, Alaska 

Pearl Harbour, T.H. 

Tutuilla, Samoa (deactivated July 1951) 

Port Lyautey, French Morocco 

Subic Bay, P.lI. 

San Diego, California 

Bremerton, Washington (January to December 1951) 

Yokosuka, Japan (since July 1954) 
In addition, measurements were made for shorter periods at Truk in the Caroline Islands; 
Kwajalein and Majuro in the Marshall Islands; Panama Canal Zone; and Puerto Rico. 

Each station uses a vacuum pump to draw air at the rate of 30 cu. ft per minute through a 
2-in.-diameter filter pad. The air intake in most cases is located 15 to 20 ft above ground-level. 
The radioactivity of the collected dust is continuously monitored by a thin-window Geiger 
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counter suspended above the filter, and the counter-tube output fed to a ratemeter and pen 
recorder. The radioactive decay rate is measured by a second counter used in conjunction 
with a scaling circuit and printing-tape recorder. 
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Fig. 1. Typical beta-decay curves for atmospheric radioactivity. 


Each filter is allowed to collect for 24h, beginning at 1600 local time. At the end of the 
collecting interval, the filter is removed from the pumping system, and the decay rate of the 
collected activity is measured over a 16-h period. These measurements are subsequently analysed 
to determine the air concentration of both the natural and fission product radioactivities. 


NATURAL RADIOACTIVITY 


All terrestrial soil and rock contain some radium and thorium which undergo 
radioactive transformations leading to the release of the radioactive gases radon 
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Table 1. Geographical distribution of atmospheric radon and thoron 





Activity per unit volume of air 


Fines (curie/cc) 








U.S.A. 

Chicago Jan.—Dec. 1950 
Chicago | Apr. and Sep. 1951 
Washington, D.C. Apr.—Sep. 1951 
San Diego | Apr.—Sep. 1951 
San Francisco | Apr.-Sep. 1951 
Seattle | Apr.—Sep. 1951 
Memphis Oct. 1951 


Puerto Rico (Roosevelt Roads) | Mar.—Apr. 1951 


Panama (Coco Solo) | Mar.—Apr. 1951 


Pacific Islands 
Marshall (Kwajalein, Majuro) | Mar. 1951 
Caroline (Truk) | Mar. 1951 
Mariannas (Guam) | Mar. 1951 
Samoan (Tutuilla) | Jan.—Dec. 1950 
Hawaiian (Oahu) Jan.—Dec. 1950 
Philippine (Luzon) | Jan.—Dec. 1950 


North Africa 
French Morocco (Port Lyautey) | Jan.—Dec. 1950 


Alaska (Kodiak) Jan.—Dec. 1950 





* Detectable, but low. 


(sgn?22) and thoron (,,Rn?2°). The diffusion of these gases into the atmosphere 
is determined by their half-lives, meteorological conditions, and state of the soil. 
Radon and thoron decay to form characteristic series of decay products which are 
isotopes of lead, bismuth, polonium, and thallium. These in turn decay by alpha 
and beta emission to stable lead isotopes. The disintegrating atoms become 
charged by recoil processes and, under ordinary conditions, almost all the radio- 
active ions become attached to submicron particulates or nuclei which can be 
collected by filters. It is possible to measure either the alpha or beta emission of 
the decay products and to determine the equilibrium quantities of radon and 
thoron in the air from the relative disintegration rates. The solid curve in Fig. 1 
is typical of beta-decay curves obtained for natural radioactivities. Each point 
represents the average counting rate for the previous hour. The initial rapid 
decay of the radium products and the subsequent slower (10-6 h) decay of the 
thorium products may be readily observed. 

Treatment of the data follows the theory of decay of successive transformation 
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products (BLIFFoRD et al., 1952). It is customary to refer measurements of the 
decay products to an equilibrium radon or thoron concentration. In Table 1, 
the relative amounts of radon and thoron in the air are given for some of the loca- 
tions where we have made measurements. The values represent daily averages 
at approximately 1600 local time. Continental areas such as Chicago, Illinois, 
and Washington, D.C., show the highest concentrations of activity, while islands 
far at sea, such as Samoa, give the lowest. Our values for the radon concentrations 
are generally lower than those reported in earlier work (ISRAEL, 1951). However, 
due to the relation of our time of sampling to the diurnal cycle, our figures generally 
correspond to minimum values. Maxima may be several times the values reported 
in the table. Attention is called to the low thoron-to-radon ratio at Kodiak, 
Alaska. 

In Fig. 2, the variations in radon activity at 1600 local time at a number of 
locations for the year 1950 are plotted as monthly averages of the daily measure- 
ments. In Fig. 3, the same information is given for the concentration of thoron. 
All locations exhibit pronounced seasonal variations, which very likely are due to 
meteorological changes. 

Other investigators (WILKENING, 1952) have reported diurnal maxima and 
minima in the atmospheric activity concentration. We observe this phenomenon 
at all locations. A typical continuous 24-h record is shown in Fig. 4. In Fig. 5, 
the hourly averages of radon activity for the month of January 1950 at several 
locations illustrate this diurnal effect. Fig. 6 gives similar curves for July of the 
same year. KuPER et al. have demonstrated a correlation between low-altitude 
temperature inversions and the daily maxima. The diurnal variations which 
we observe are also very likely related to the stability of the ‘‘austauch,” or 
exchange layer of the atmosphere. 


FISSION-PRODUCT ACTIVITY 


The bulk of the radioactive material formed in an atomic explosion is associated 
with particulates in the micron-size range, which are collected with high efficiency 
by filters. Our collections therefore may contain fission products as well as 
naturally radioactive substances, and it is necessary to treat our data in a way 
that will separate activities from the two sources. 

The apparent increase in the half-life of natural 10-6-h thorium B (,,Pb?!) 
is a sensitive indicator of the presence of the much longer-lived fission-product 
conglomerates in the air-filter collections. This method of distinguishing between 
natural and fission radioactivity is capable of detecting fission-product activity 
of the order of 1°% of that due to the radioactive substances normally present in 
the atmosphere. 

If the rate of decay of a 24-h filter collection of atmospheric dust is measured 
after the decay of the short-lived radium products, the value obtained will depend 
upon the relative activities of the fission products and of the ThB. (The long-lived 
radium products may be neglected.) Expressed mathematically, if [(t,) and I(t) 
are the measured activities at times ¢, and f,, it may be shown that 


In I(t,) — In I(t.) = —Ay(t, — te) + In (1 + Qe*4x) + In (1 + Qe’4'2) (1) 


~ 


vo 
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where A, = number of atoms of ThB at t = 0, 
B, =number of atoms of fission products at t = 0, 
14 = decay constant of ThB, 


A» = decay constant of fission products, 
14 > dp, 
and Q = ApBy|14Ao- 


The activity due to fission products is obtained by using equation (1). The 
dotted curve in Fig. 1 shows how the rate of decay decreases when a small amount 
of fission products is present (in this case equal in activity to 20% of the initial 
thorium B activity). 

Using the method described above, daily decay curves of atmospheric radio- 
activity have been analysed to give the average fission-product beta activity 
per unit volume of air for the 24 hours preceding the date of collection (local time). 
Corrections were made for air-flow rate, geometry and energy dependence of the 
counter, filter efficiency, and absorption in the filter paper. In the following 
discussion ‘‘curie/cc’’ refers to this corrected beta disintegration rate. 

In the year 1950, no appreciable fission activity was detected, in spite of the 
fact that the first Russian bomb was exploded in the autumn of 1949. Measure- 
ments at Washington, D.C., Hawaii, and the Philippines place the maximum 
fission activity at any time during 1950 at less than about 10-?° curie/ce. 

Figs. 7(a), 7(b), and 7(c) give the air concentration of fission-product beta 
activity at Washington, D.C. for 1950 through 1955. Every known test series 
except those of Great Britain has been positively identified. The highest measured 
activity followed one of the Nevada explosions in May 1953. In general, United 
States tests in the Pacific did not give large responses in Washington. All of the 
known Russian test series were detected here, with those of the summer of 1953 
giving especially large and prolonged indications. Fission activity was observed 
on more than 70% of the days from January 1951 to the present. Throughout 
1955 only about ten days were free of detectable fission products in the air at 
Washington, D.C. 

The total fission-product beta activity collected each month since January 
1950 at Washington, D.C., San Francisco, California, and Kodiak, Alaska, is 
compared in Fig. 8(a). Similar data for Pearl Harbour, T.H., and Subic Bay, 
P.I., are shown in Fig. 8(b). 

At San Francisco, the maximum response of 0-96 x 10-17 curie/cc was observed 
in February 1951, following a Nevada test. In spite of the markedly local character 
of the weather, fairly large activities have appeared here from the Russian tests 
and also from the Pacific tests of the spring of 1954. 

The most prominent responses recorded at Kodiak, Alaska, resulted from 
Russian tests, and the highest reading of 0-47 x 10-1!” curie/ec was obtained 
following those of August 1953. Generally, United States tests gave only small 
indications and, although the Nevada tests of the spring of 1953 can be identified 
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with fair certainty, the Pacific tests of 1954 seemed to give almost negligible 
activities. 

At Subic Bay, P.I., both the Nevada and Pacific tests were detected at com- 
paratively high activity levels. The maximum level of 2-9 x 10-17 curie/ce 
appeared subsequent to the Pacific tests of November 1952. This station is the 
only one where consistently high readings from all of the Pacific test series have 
been obtained. This is perhaps to be expected, since the Philippine Islands are 
in the path of the prevailing surface winds from the central Pacific. Responses 
from the Australian tests have not been identified here. Dust from the Nevada 
tests of 1951 appeared in unmistakable concentrations, as did the Russian tests 
of the same year. During the Russian tests of 1953 the equipment was out of 
order, but those of 1954 were detected. At Pearl Harbour, T.H., both the Pacific 
and Nevada tests were recorded with fairly high activities. The maximum reading 
of 5-9 x 10-17 curie/cc was obtained subsequent to the Nevada tests of late 1951. 
There is a tendency for activity to remain at a fairly constant level for long periods 
without the pronounced variations observed at other locations. 

The highest recorded activity of 60 x 10-1’ curie/cc was observed at San 
Diego, California, following the tests of February 1951. This is the only instance 
where we have recorded air concentrations which exceeded the AEC tolerance 
level for continuous exposure to fission products in air (AEC, 1950). Large 
responses to the Nevada tests were observed in Port Lyautey, F.M., where the 
maximum of 3-9 x 10-1’ curie/cc followed the tests in February 1951. Indications 
from the Russian and U.S.A. Pacific tests have been subdued at this location, 
since prevailing wind patterns require that clouds of activity originating in Asia 
or the Pacific circle the globe before reaching here. 

For the Pacific tests of the spring of 1951, temporary stations were set up at 
Kwajalein, Majuro, Truk, and Guam, where all the tests were detected with strong 
responses. A reading of 20 x 10-17 curie/ec was recorded at Truk, about six 
hundred miles to the south-west of Eniwetok and roughly in the path of the 
ground-level winds: Additional stations were maintained at Bremerton, Washing- 
ton; Glenview, Illinois; Coco Solo, Canal Zone; Roosevelt Roads, Puerto Rico; 
and Tutuilla, American Samoa. Weak responses attributable to the Pacific tests 
were recorded at Bremerton and Glenview, while moderately high readings were 
obtained at Coco Solo and Roosevelt Roads. The latter had a maximum reading 
of 0-56 x 10-1” curie/ec. At Samoa, the only station south of the equator, only 
rather low responses were observed. This confirms the theory that debris from the 
Pacific tests is confined primarily to the equatorial regions and that is spreads 
into the Southern Hemisphere at a much slower rate than it does northward. 

When all of the records are compared at concurrent dates, it is observed that 
usually not more than ten days elapse between responses to any given atomic 
explosion. 

Figs. 8(a) and 8(b) indicate that following the U.S. thermonuclear test in the 
autumn of 1952, atmospheric fission-product radioactivity did not return to zero as it 
did after previous test series. Detailed examination of Fig. 7 will reveal that for 
several months after the thermonuclear tests of the spring of 1954, the atmospheric 
concentration of fission products continued to increase. This same effect was 
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noted at the other stations in operation at that time. Since the clouds formed by 
thermonuclear weapons are known to rise well into the stratosphere, this effect 
must be due to slow penetration of the high-level fission products into the tropo- 
sphere (BLIFFORD and ROsSENSTOCK, 1955). 
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Figs. 9(a) and 9(b). Increase in atmospheric radioactivity with the passage of a cloud 
of fission products. 
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We have been able to determine the time of arrival of the clouds of fission 
products from the continuous recordings of activity, when the quantity of fission 
activity has been large. A rather abrupt increase in atmospheric activity due to 
the passage of such a cloud at Glenview, IIl., followed by a more gradual increase 
due to the same cloud a few days later at Port Lyautey, French Morocco, are 
shown in Figs. 9(a) and 9(b), respectively. Generally, the indication is less pro- 
nounced than in either of the foregoing examples, and may even be masked 
completely by the natural activity variations. 
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The absolute values of fission-product activities given here are probably 
accurate to +20%. Because of generally lower activities, the estimated accuracy 


of the Kodiak data is +50%. 


SUMMARY AND CONCLUSIONS 


The geographical distribution of radon and thoron were measured for the year 
1950 at several widely separated locations. The radon concentrations recorded 
are somewhat lower than those reported in the literature. The thoron observations 
are believed to be the first made over an extensive area. The concentration of 
radon over islands and away from large land masses is generally low. An unusually 
low atmospheric thoron concentration is observed at Kodiak, Alaska. Pronounced 
seasonal variations in atmospheric thoron and radon have been found for most 
locations. The data show a universal diurnal variation in the total natural atmo- 
spheric radioactivity level which is associated with low-altitude temperature 
inversions. 

With regard to fission-product debris from atomic tests, the clouds of radio- 
active dust follow fairly restricted paths. Although the phenomena controlling 
the general circulation tend to confine the debris to one hemisphere, it is not valid 
to assume a uniform distribution within the atmosphere of even one hemisphere. 
This conclusion is supported by the small indications from U.S. Pacific tests at 
Samoa, the general lack of positive responses to the British A-Bomb tests, and the 
tendency for radioactivity produced in the Pacific to concentrate in the equatorial 
regions. Although it is probable that clouds of atomic debris may circle the earth 
one or more times, it is difficult to make positive correlations with specific tests 
based on our present data. 

A striking aspect of the records is the almost continuous observation of fission 
radioactivity. It is clear that since early in 1951 there have been few periods 
when fission products were not detectable at one or the other of our rather widely 
dispersed stations. It may not be an exaggeration to say that 1950 may have 
been the last year that could be called normal from the point of view of natural 
atmospheric radioactivity. There is considerable evidence from these long-term 
records that the fission products put into the atmosphere by ordinary atomic bomb 
explosions are removed within a few months. On the other hand, it appears that 
thermonuclear explosions cause a reservoir of radioactivity to be formed in the 
stratosphere. Because of the slow rate of exchange between stratosphere and 
troposphere, this activity appears at ground-level much later and for a considerably 
longer time after the explosion. 


Acknowledgements—The authors wish to acknowledge the valuable assistance of 
Dr. Hersert B. Rosenstock in working out the theoretical aspects of the 
measurements, and of Mr. D. M. Sores and Mrs. H. C. Stve in compiling the data. 
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Abstract—CHAMBERLAIN’S proposal that auroral arcs are caused by monoenergetic protons with a 
certain dispersion in direction is considered. Calculations are carried out on the luminosity curves of 
the main auroral features and of the Balmer lines, and on the Doppler profile of these latter viewed in 
the direction of the magnetic horizon. For the main features the computed luminosity curves are in 
moderate accord with the observed. Reliable observations are lacking in the case of the Balmer lines. 
According to the calculations, these lines should become narrower as the altitude within an aurora is 
decreased. The computed profiles are not in agreement with the observed, unless the recorded light 
originated from the lowest part of each of the auroras studied. 


1. INTRODUCTION 


MeINeL (1954) and Fan and Scuutre (1954), working at Yerkes Observatory 
(geomagnetic latitude. ¢ ~ 53°), find that the Balmer lines are always present 
in auroral ares but are absent from auroral rays. Similar results are described 
by Daxntstrom and HunTEN (1951) from Saskatoon (¢ ~ 61°), whereas a later 
report from HunTeN (1955) and observations in Troms6 (¢ ~ 67°) by VEGARD 
(1952, 1955) show a somewhat different correlation between the prominence of 
the Balmer lines and the auroral form. According to VEGARD (1955), there is a 
latitude effect, the hydrogen lines being generally stronger at Oslo (¢ ~ 60°) than 
at Tromsd. The Doppler profiles of the lines (GARTLEIN, 1950; MEINEL, 1951a; 
VecarRD and Kvirre, 1951) prove that protons enter the atmosphere with a 
considerable speed. 

3aTES and GRIFFING (1953a) computed the luminosity curve arising from 
protons, assuming the luminosity to be given by the Bragg ionization curve, 
and showed that the luminosity curves of auroras (HARANG, 1946) are not in 
accord with the assumption of monoenergetic protons penetrating into the atmo- 
sphere along the magnetic lines of force. 

CHAMBERLAIN (1954a,b) has suggested that the Doppler profiles of the hydrogen 
lines may be explained if the paths of the protons make angles 6 with the magnetic 
lines of force, and that a suitable angular distribution may account in addition for 
the observed luminosity curves of auroral arcs. By adopting the distribution 


N(9) = c, exp (—tan? 0/a?) (a = 8-5) (1) 


in which N(6) is the number of protons per unit solid angle, he was able to re- 
produce the profile of the Ha line measured by MEINEL (1951a) in magnetic zenith. 
Moreover, the main luminosity curves computed from this model and the Bragg 
ionization curve are similar to the curves of HARANG (1946).t The profile of the 
Hx and Hf lines, as observed in the direction of magnetic horizon (MEINEL, 195la; 


* On leave from The Auroral Observatory, Troms6, Norway. 
+ It may be noted that the assumptions made regarding the structure of the atmosphere are not in 
harmony with the recent rocket data. 
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VEGARD and KvirrE, 1951), leave little doubt but that the protons do indeed 


follow spiral paths. 
The purpose of this paper is to test CHAMBERLAIN’S model further. 


2. THe INTENSITY OF THE HypDROGEN LINES IN THE 
AURORAL SPECTRUM 


2.1. Evidence for the assumption that at least some auroras are due to protons 
alone may be found from the intensities of the hydrogen lines relative to other 
auroral features. From the luminosity curve given by CHAMBERLAIN’S calculations 
(see Sec. 3.1) and the Bragg ionization curve (LANDOLT-BORNSTEIN, 1952), 
the ratio between the total ionization caused by protons Q(ij/H*) and the 
total H« photon emission from an auroral arc Q(Ha«) may be derived for protons 


Table 1. The relative emission rates of the negative nitrogen bands and the H~ line 





. ase sities Q(N.B. 
Author, place of observation Emission ratio given 2 
Q(Hx) 


C. Y. Fawn (cited by CHAMBERLAIN, 1954a); Yerkes 
Observatory 
MEINEL (1951b); Yerkes Observatory 


HUuNTEN (1955); Saskatoon Q(Hf) 
Ordinary aurorae Q(4709) 


~ 0-02-0-15 


Q(H8) 
Q(4709) 


Weak and flickering aurorae ~ 10-200 


VEGARD and KvVIFTE (1954) 
Low-latitude aurora; Oslo 
High-latitude aurorae; Troms6é 


VEGARD (1955) 
Unusually strong Hz; Tromsé Q(Hx) ~ 0-5 . Q(4278)!2) 





() The intensities of VeGaArRD and Kvirte (1951) are used in addition for deriving this ratio. 
2) Corrected by the author for the different widths of the line and the band (estimated to be 1 : 3). 


of different energies. In Fig. 1, Q(i|H*)/Q(H«) is plotted against the altitude of the 
base of the aurora (cf. Bates, 1955). Due to the uncertainties in the basic data, 
the accuracy is not high. 

2.2. The first negative nitrogen bands (N,*, B?X,*+-—> X ?X,*) are believed 
to be emitted after simultaneous ionization and excitation of nitrogen molecules. 
Information about the ratio Q(i)/Q(H«) may therefore be sought in the ratio 
Q(N.B.)/Q(H«), where Q(z) and Q(N.B.) are the total rate of ionization and the rate 
of emission of the negative nitrogen bands. Some relevant observational results 
are collected in Table 1. In comparing the different intensity ratios cited, the 
following values were adopted: Q(H«)/Q(Hf) = 4-5 (CHAMBERLAIN, 1954a): 
Q(N.B.)/Q(5577) = 1-5 (HuNTEN, 1955; OmHoLT, 1954); Q(N.B.)/Q(4278) = 6-5, 
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and Q(N.B.)/Q(4709) = 40 (Barres, 1949), where 5577, 4278, and 4709 signify 
the green oxygen line and the (0-1) and (0-2) negative nitrogen bands. Spectra 
published by Fan and ScuHuttTE (1955) indicate that Ha may sometimes be 
significantly stronger than measured by MEINEL. 

2.3. From Table 1 it seems that the ratio Q(N.B.)/Q(H«) may average about 
10 to 20 for normal auroras at low latitudes. The mean altitude of the base of 











Q(i1H*)/Q(Ha) 





10 | | 

90 120 km 

Fig. 1. The ratio between the total rate of ionization by protons and the rate of emission of 
Hz photons against the altitude of the base of the aurora. 











ares and bands is 105 km (HARANG, 1951), so that Q(i|H*)/Q(Ha) ~~ 100 (cf. Fig. 1). 


Though no final conclusions can be drawn, it thus is not unlikely that the protons 
are the main ultimate source of the radiated energy. 

The situation is not necessarily the same at high latitudes, for if Q(N.B.)/Q(H«) 
is 100, as the measurements indicate, then the rate of excitation of the negative 
bands would be approximately equal to the total rate of ionization due to protons. 
The importance of accelerated free electrons is not known, but may be considerable 
(CHAMBERLAIN and MEINEL, 1955). 


3. THe Luminosity CURVES OF AURORAS 


3.1. The number of Ha photons emitted per unit diminution in the velocity of 
the primary stream has been calculated by CHAMBERLAIN (1954a,b), who found 
that if the protons have an initial energy above 90 keV it may be represented by 


I(v) = egv* exp (—v?/B?) (: 


where § = 1700 km/sec and v is the velocity. In the case of protons of energy 
less than 90 keV there must be a cut-off at vo, the initial velocity. The collision 
cross-sections used in these calculations were estimated by CHAMBERLAIN from the 
results of quantal calculations on protons and hydrogen atoms passing through 
hydrogen (Bates and GRIFFING, 1953b; Bates and DaLGaRNo, 1953), compared 
with experimental data for hydrogen and air (RiBE, 1951; Kanner, 1951; 
Massey and Buruop, 1952). Though his estimates seem reasonable, they are not 
likely to be of high accuracy. 
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The total number of Ha photons emitted per primary particle is about 50 
(for ZH > 90 keV), and the number per atmos cm* is 


oe exp (—v7/6%) (3) 


dv 
L(s) = I(v) 5 ese Cv = 


where s is the equivalent path in atmos cm along the direction of the beam. Both v 
and dv/ds are functions of (sy — s), 8) being the range of the protons. With a given 
angular distribution N(6#) of the protons, the luminosity per unit equivalent 
depth in the atmosphere, at a given equivalent depth &, is 


G(é) =2n i “™"F;(s)N(8) sec 0 sin 0 d0 (4) 


= = 20{" L(s)N(0(s))s— ds (4a) 


where s = é sec @ and sec 6,,,, = 8/&. This is strictly true only when the magnetic 
lines of force are vertical, but for most places where aurora are observed the error 
introduced is negligible. 

Adopting the angular distribution assumed by CHAMBERLAIN (equation 1), 
we have 


9max 2 


tan? 0 
Ff (&) = 2ne, L(é sec 6) exp (- = sec 9 sin 6 d@ (5) 
0 
or, as is sometimes more convenient for numerical work, 
ee e 
L(é) = 2ne, iy’ (s) exp ae } s1 ds. (5a) 


3.2. L(s) has been computed from equation (3), v and dv/ds being derived from 
the range-energy curves published by REyNoLDs, DuNBAR, WENZEL, and WHALING 
(1953). Since v and dv/ds are functions of (8) — s),so also is L(s). The computations 
show that L(s) has an appreciable value only between s, and (s, — 0-15) atmos cm, 
its maximum being at about (s, — 0-035) atmos cm. 

Certain simplifications may be introduced in the equations for #(£) by making 
use of the fact that the luminosity due to each primary particle is restricted to a 
narrow range before it is brought to rest. 

(a) If € is close to 85, equation (5a) may with sufficient accuracy be replaced by 


L(—) = 2c, [ "L(s)s—! ds. (6) 
é 
(b) At values of sy appreciably higher than 0-15 atmos cm—the width of L(s)— 


the relative variation of exp [(1 — s?/&)/a?] will be small within the effective 
range of integration (s, — 0-15 — s,) unless é is very low, and we may put 


P(E) = 2nc, exp ‘3 2 oe ml =| L(s)s— ds. (7) 





* Atmos cm: unit path length equivalent to one cm air at S.T.P. 
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For £ less than approximately (s, — 0-15) atmos em (but still not unduly low), the 
integral in equation (7) will be independent of &, and 


HE) = Cg exp (—s,,7/€?a?) (8) 


where s,, may be taken to be the mean value of s, L(s)s~! being the weighing 


function. 
These simplifications apply to any angular distribution, provided the variation 


with s is slow, so we may write 


) [“Z(0)s~ ds (9) 


vs 


and in particular for & < (s, — 0-15) write 


#(é) Cy9N (8m) (10) 


with sec 6,, = 8,,/&. 

If the H« luminosity curve of a low auroral are (lower edge at say 100 km, 
£ = (0-5 atmos cm) is given, an estimate of V(#) may be made from equations (9) 
and (10), provided the assumption that all the protons have the same initial 


energy is justified. 

In any event, when #(&) is much wider than L(s), it will give the approximate 
number of primary particles having their maximum luminosity at level &, i.e. the 
number of particles per atmos cm which at this level are at a distance 0-035 atmos 
em (for Hx) from the point at which they are brought to rest. This is true whether 
the variation in penetration depth is due to a dispersion in angle of incidence or to 
a dispersion in initial energy. 

The transition from #(£), the luminosity per atmos cm, to #(h), the luminosity 
per unit height in the atmosphere, is of course given by 


L(&) = L(h) dhjdé. (11) 


Unless V(9 = 0) is very low, the altitude of the base of an aurora yields sy, and thus 
the energy of the protons. 

3.3. The Ha luminosity curves, “(h|H«), have been computed from equations 
(7), (8), and when necessary (5a), for 1000, 475, 240, and 93 keV protons,* and the 
main luminosity curves from equation (5a), L(s) being taken to be of the same 
form as the Bragg ionization curve (LANDOLT-BORNSTEIN, 1952), and dé/dh being 
deduced from rocket data (BaTEs, 1955). The results are presented in Fig. 2. 
For comparison, some luminosity curves derived from measurements by HARANG 
(1946) are included. The agreement between these and the calculated curves of the 
main luminosity is not unsatisfactory; it is indeed very good for 93 keV protons. 
Due to the extent in latitude of an auroral arc, the measured luminosity curves may 
be slightly too wide (cf. GRirFING and STEWART, 1954). 


* The last three values are those used by CHAMBERLAIN (1954b). 

+ The angular distribution changes with altitude due to the magnetic deflection (which would 
ultimately cause reflection of the particles if they were not absorbed). It may be shown, however 
(cf. ALFVEN, 1950) that this effect is not of importance within the altitude range of the calculations. 
The angular dispersion at large distances from the earth is of course much less than that in the atmosphere. 
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The luminosity of Ha shows a displacement from the main luminosity towards 
lower altitudes, its maximum being 4 to 8 km lower than that of the main luminosity. 
This is in harmony with the observations by MEINE. (1954) of the luminosity 
curves of different spectral components. MEINEL’s luminosity curves of the main 
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T T 
4 8 Ha 
Luminosity Luminosity 
Fig. 2. Computed luminosity curves for Ha and the main emissions (M). The scales are 
respectively in emitted photons and ion pairs formed, per km, per incident proton. 
(a) 93 keV, (b) 240 keV, (c) 475 keV, (d) 1000 keV. —-—-— Luminosity curves for the main 
emissions after observations by HARANG. 











auroral emissions are, however, in rather poor agreement with those of HaARANG 
(1946), and MEINEL himself states that they are of low precision. 

There are some indications of a lack of consistency between the observed and 
the calculated curves, even if MEINEL’S curves are seriously broadened due to 
instrumental or other effects. The difference in half-widths between the observed 
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Ha curve and the main luminosity curves is about 18 km (assuming the aurora to 
be of usual height); that between the true half-widths should be rather greater, but 
for the calculated curves the difference is smaller—even for 93 keV it is only about 
11 km. 


4. THE DoppLER BROADENING OF THE HyDROGEN LINES 
tN HorizontaL DIRECTION 
4.1. CHAMBERLAIN (1954b) showed that the Doppler broadening and shift of 
the H« line viewed in the direction of the magnetic zenith (MEINEL, 1951a) could 
be explained by adopting the angular distribution of the protons given by equation 
(1). Valuable information may also be obtained from the Doppler profiles in the 


direction of the magnetic horizon. 
At a given height h, with equivalent depth &, the number of hydrogen atoms, 
per unit solid angle, per unit &, emitting the H« line is 


N(0) (12) 
with s = sec @. Taking the distribution N(@) to be independent of the azimuth 
angle gy, the number of emitting atoms per unit # and unit ¢ is 

I.(0,p) = L(é sec 9) sec 6 sin 6 N(6). (13) 


Let the orthogonal components of v in the magnetic horizontal plane be z, y. , 
The light-emission per unit x and unit y may be shown to be 


(9, ¢) 
fie «= 5 14 
= Dez, y, 8, 9) sas 
: dv ; 
where D(x, y, 9, yp) = v* sin 6 cos 6 + v re E sec? @ sin? 0 (15) 


and @ is given by sin? 6 = (a? + y?*)/v?(é sec 6). The Doppler profile, or the light- 
emission per unit speed component x and unit ¢ is given by 


Ymax 0 
I{z) = [ i.s(zydy +( Teale, 9) dy.* (16) 


Ymax 
4.2. The mean Doppler profile in the magnetic horizontal direction, J(x), could 
be evaluated by integrating equation (16) over € It is, however, more easily 
obtained by considering the number of emitting particles with velocity components 


between x and (x + dz), y and (y + dy), and z and (z + dz), z being the velocity in 
the magnetic zenith direction: 


: I(v)N(6) dx dy dz (17) 


y2 


n(x, y, z) dx dy dz = 


* I(x, y) has two values for a given 2, y. 
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where tan? 6 = (2? + y?)/z?. From equations (17), (1), and (2) it follows that 


J (x) [° [ime y, 2) dy dz 


a (° 2 ale z dz 
= Cyg EXp | — B K exp | — B — “al Vat + 32 . (18) 


J(x) is of course independent of the initial energy, provided this is above 90 keV. 

4.3. The Doppler profile for 475-keV protons at selected equivalent depths 
(equation 16) and the mean Doppler profile (equation 18) have been computed. 
The results are shown in Fig. 3 together with the profile observed by MEINEL, 
which is seen to be considerably narrower than the computed mean profile. The 
profile of Hf observed by VeGARD and KviFrTE (1951) is about 20% wider than the 
Ha line observed by MEINEL, as would be expected (cf. Section 4.4). 





T 
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Fig. 3. The Doppler profile of Ha in the direction of magnetic horizon. a, b, and ¢ are 

computed profiles for 475 keV protons at levels € = 0-15, 0-40, and 0-65 atmos cm 

respectively (109, 101, and 98 km), m the computed mean Doppler profile, and M the 
observed profile (MEINEL). 
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None of the observations are corrected for the finite instrumental line width, 
and such a correction tends to increase the inconsistency. The observed profile 
may be accounted for by supposing that the light recorded was that from the 
lowest part of an arc only (which does not seem very likely). 

A suitable combined energy and angular distribution of the protons might 
yield the observed profiles, in the zenith as well as the horizontal directions. It 
would be necessary to assume that a considerable fraction of the protons have 
energies less than 90 keV, since the emission occurs mainly at energies below this 
value. 

4.4, From the intensity ratio between Ha and Hf calculated by CHAMBERLAIN 
(1954a), it may be shown that the emission of Hf may also be described by equation 
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(1), but with p.= 2000 km/sec. In consequence, the Doppler profiles of Hf will be 
correspondingly wider (17% in terms of speed). Further, the luminosity curve of 
Hf will be slightly displaced towards higher altitudes compared with that of Ha. 
This displacement will not be pronounced, since the luminosity curves depend 
mainly on the angular distribution of the protons (see Section 3.2). 


5. CONCLUSIONS 

The calculations based on the Chamberlain model, given in the original papers 
by CHAMBERLAIN (1954a,b) and in this paper, are in partial agreement with the 
observations. The agreement is good as regards the zenith Doppler profile of the 
Hx line,* and not unsatisfactory as regards the altitude distribution of the main 
luminosity. The Doppler profiles in the horizontal direction and the altitude 
distribution of the H« luminosity, as calculated from this model, are not neces- 
sarily in conflict with the observations, in view of the lack of knowledge concerning 
the altitude of the auroras and the apparent low precision of the observations. 

The most promising future observations seem to be simultaneous measurements 
of the H« luminosity and Doppler width as functions of altitude in a low are, 
with a technique similar to that used by MeIneL (1954). From the luminosity 
curve the approximate number of protons having their maximum luminosity at 
different levels may be derived. If all the protons had the energy corresponding to 
the lower edge of the aurora, the luminosity curve would give the approximate 
angular distribution of the protons. From this distribution the approximate 
Doppler profile in the horizontal direction at different levels € can be calculated. If 
the observed profiles do not agree satisfactorily with the calculated ones, it would 
seem necessary to suppose that the protons have an energy distribution, or to 
consider the basic assumptions more carefully. 

Comparison of the main luminosity and the H« luminosity curves would give 
evidence as to whether or not the aurora is caused by incident protons. Information 
about this may also be obtained by measuring the ratio of the main luminosity to 
the H« luminosity as a function of the altitude of the base of the aurora. The 
variation should be similar to that given in Fig. 1. 
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Abstract—The processes considered are the ionization of nitric oxide in the lower ionosphere by the 
HLz line, and the excitation of O I 48446 by resonance absorption of the HLA line. Comparison with 
the intensity of HL« emitted from the quiescent sun suggests that HL« emitted from aurora may give 
an appreciable contribution to the ionization, but not the full amount required for polar blackouts. 
The excitation of O I 18446 by absorption of HLA is found to be unimportant in ordinary aurorae. 


1. INTRODUCTION 


THE emission from aurora must include ultra-violet radiation at wavelengths 
below the limit of direct observation (+3000 A). Some of this radiation may 
escape outwards, but most must be absorbed in the atmosphere and give rise to 
secondary processes. 

We shall discuss two secondary processes due to the « and # lines of the Lyman 
series of hydrogen (HL« at 1215-67 A and HL at 1025-72 A). In the spectral 


region concerned, the main absorption is caused by molecular oxygen. At the 
wavelength 1216 A there is, however, a narrow window, in the centre of which the 
absorption coefficient is only 0-047cm~!. In consequence, the auroral HLa« 
radiation may penetrate deep into the atmosphere and augment the D layer 
(BatEs, 1955). 

The HLA line is in close resonance with the 2p4 3P — 2p3(48)3d 3D transition of 
the oxygen atom (A = 1025-77, 1027-44, and 1028-14 A), and is therefore strongly 
absorbed. By emission (A = 11260 A) the excited oxygen atom may be transferred 
to the 2p3(48)3p 3P term, from which the 48446 multiplet of OI originates. This 
multiplet may hence be intensified. The mechanism was first proposed by BowEN 
(1947) in connection with spectra of stars. Swrnes (1956) and CHAMBERLAIN and 
MEINEL (1955) have suggested that it may also be of importance in aurorae. 


2. THE IONIZATION IN THE D LAYER DUE TO THE 
HLa« LINE EMITTED FROM AURORAE 


NicoLet’s theory (1945) that the ionization of nitric oxide by the solar HLz line 
is responsible for the normal D layer has received wide acceptance. It is thus 
convenient to use the photon flux in this line as a standard for comparison when 
seeking to assess the extent of the ionization caused by the auroral HLz line. 
ByRHAM, CHUBB, and FRIEDMAN (1954) find that the normal solar radiation flux 
of HL« above the earth’s atmosphere is about 6.10° photons per cm? per sec. 


* On leave from The Auroral Observatory, Troms6, Norway. 
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The emission rate of HL« from aurorae is not known reliably, but an estimate 
may be made from the spectrographic measurements of the Balmer lines. From 
the cross-sections involved in the processes giving rise to the emission of the 
hydrogen lines, we estimate 


Il(HL«) = 1011(H«), (1) 


where II(HL«) and II(H«) are the emission rates of the Lyman « and the Balmer « 
lines respectively (BATES and GrirFiIne, 1953; Bates and DaLGarNno, 1953; 
MENZEL and PEKERIS, 1935; CHAMBERLAIN, 1954a). Collecting data from 
various authors, OMHOLT (1956) found that in Tromsé (geomagnetic latitude 
¢ = 67°) the emission rate of Ha is usually about 1% of that of the negative 
nitrogen bands, II(N.B.), whereas values as high as 10% occasionally appear, and 
are common at low latitudes ($6 = 50°—60°). Measurements of auroral luminosities 
and the simultaneous ionization suggests that polar blackouts occur at 
II(N.B.) > 1044 photons per cm? per sec in Troms6 (OMHOLT, 1955). A strong 
aurora may give ten times this emission (HUNTEN, 1955; Omuo.rt, 1954). Using 
Il(H«)/Il(N.B.) = 0-01, we find that polar blackouts do occur at II(HL«) = 10!° 
photons per cm? per sec, and that I1(HL«) = 101! photons per cm? per sec is a 
probable value for strong auroras. HuNTEN (1955) found that the emission rate 
of Hf during his measurements in Saskatoon (¢ ~ 61°) did not exceed 1-9. 10° 
photons per cm? per sec, which, according to the Balmer decrement computed by 
CHAMBERLAIN (1954a) and equation (1), give II(HL«) to be less than 10! photons 
per cm? per sec, but his measurements did not include the early stages of aurorae, 
when the hydrogen lines are believed to be strongest. Since the value II(H«)/ 
II(N.B.) = 0-1 occasionally occur in Tromsé, and is common at low latitudes, 
the emission rate of HL« photons may perhaps sometimes be of the order of 10” 
photons per cm? per sec. 

To compare the importance of the auroral HL« radiation with that of the sun, 
we need to consider the number of photons penetrating down to the D layer 
(h ~ 75 km), which involves an estimate of the absorption of the radiation. 

2.2. The effective flux (giving the rate of ionization per cm) of solar HL« 
photons at a level with optical depth ¢ is 


d = d, exp (—&a sec A) (2) 


where « is the absorption coefficient in air, § the zenith distance of the radiation, 
and ¢, the flux above the atmosphere. The rocket measurements show that the 
solar HL« line behaves as a monochromatic line at the bottom of the window of 
the O, absorption (ByRrHam ef al., 1954), where the absorption coefficient is as low 
as 0-047 em-—! (DircHBURN, BRADLEY, CANNON, and Munpay, 1954). At the 75-km 
level, & is about 20 atmos cm*, and so && is about unity. The effective flux of the 
solar HL« photons at this level is thus as follows: 


@ = O: d = 0-376, = 2-2 ..10° photons/cm? sec 
(3) 
6 = 45°: d = 0-244, = 1-4. 10° photons/cm? sec. 


* Atmos cm: unit path length equivalent to one cm air at S.T.P. 
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2.3. To compare the auroral emission with these values, we may consider two 
simplified auroral models. 

(a) A thin layer of auroral emission covering a very large area, from which the 
emission is IT, (in photons per em? per sec). The effective flux at any level below 
this is 

7/2 


dor = F1ly exp (—&« sec 9) tan 6 dé (4) 


/0 
= HII, [ exp (—z)z—1 dz, 
JEx 

where z = é« sec 6 and é is the optical depth between the emitting layer and the 
level considered. For é% = 1 as above (at altitude 75 km, aurora above 100 km), 
der = O-LIIT. (5) 
(b) An infinitely long horizontal line of auroral luminosity with an emission 
II,b (in photons per cm per sec). The effective flux at a point at a vertical distance 


h below this line is 


; exp (—éa sec 0) dé. (6) 


Equation (6) is a good approximation for an are with an emission II, (in photons 


4 


per cm? per sec) and width b, provided h is not too small. Again, for &« = 1, we 
have 
Dorr — 0-05211 9b/h. (7) 
For a typical are at 100-km altitude we may take the width 6 to be about 10 km, 
so that if A is 25 km 
Det —_ 0-0211I). (8) 


2.4. Equations (4) to (8) are valid for the centre of the HL« line only. Radia- 
tion displaced from the centre is absorbed much more readily. The H« profile 
observed by MEINEL (1951a) implies a Doppler width of 4 A for the HLz line when 
viewed in the direction of magnetic horizon. The zenith profile indicates that the 
profile, averaged over all directions, is considerably wider. VEGARD and KvIFTE 
(1951) and VeGarp and TONsBERG (1952) give widths of the Hf line which 
correspond to about 4 to 5 A for HLa. From CHAMBERLAIN’S angular distribution 
of the incident protons (1954b) the Doppler profile averaged over all directions 
would be (in terms of speed v) 


I(v) = c, exp (—v?/6?), 6 = 1700 km/sec, 
which gives a width of 3000 km/sec, or 12 A for HL«. From the data given here it 
seems unlikely that the real width of the HL« line, averaged over all directions, is 


less than 5 A. 

For a line of width 5 A with symmetrical broadening, computations by Drrcu- 
BURN et al. (1954) show that only 15% of the radiation behaves as monochromatic 
radiation with the low absorption coefficient of 0-047 cm—!. The window in the O, 
absorption lies at somewhat longer wavelengths than the undisplaced HL« line 
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(DircHBURN et al., 1954), whereas MEINEL’S observations (1951la) as well as those 
by VecarpD and TONSBERG (1952) show that the HL« radiation penetrating 
downwards from the aurora is displaced towards shorter wavelengths. It is 
therefore probable that the figures on the right-hand side of the equations (5) and 
(7) should be multiplied with a factor less than 0-1 to make the equations expressing 
the effective flux of auroral HL« photons at the 75-km level. As an approximate 
relation for common aurorae we may take 


ho <— 0-005IT 9. (9) 


For II, = 10!° photons per cm? per sec we get ppp < 0-05. 10° photons per em? 
per sec, and for II, = 10" photons per cm? per sec, a value that cannot be excluded 
for strong aurorae, dor < 5-10° photons per cm? per sec. 

2.5. Though these figures are rather uncertain, comparison with equations (3) 
show that the effective flux of auroral HLx photons at the 75-km level may be 
comparable with, or even exceed, that from the quiescent sun, but that polar 
blackouts perhaps do occur when HLz is much weaker. 

The position at the 80-km level is not appreciably different. Above this level 
(for § < 10 atmos cm) the wings of the HL« line become important. The precise 
profile of the line and its dependence on the direction of the radiation is not known, 
so that detailed calculations are difficult. Nearly all the HL« radiation from the 
aurora, but only about half of that from the sun, is absorbed above the 80-km level. 
Since the absorption by O, is considerably increased in the wings, a much smaller 
fraction of the photons here is absorbed by NO. Using the values cited in Sec. 2.1, it 
may be shown that the ratio of the flux of HL« photons downwards from a strong 
aurora (half of the emission per cm? per sec) to the flux from the quiescent sun, 
may be as large as 80, but that the corresponding ratio of the rates of ionization 
of NO above 80 km is perhaps only 30. The observational results from Troms6 
suggest that polar blackouts do occur when the rate of ionization of NO by HL« is 
less than during the day. It seems doubtful therefore whether the HLx line 
emitted from auroras can fully account for polar blackouts, but the contribution 


may be appreciable. 


3. ExcrTaTION OF THE OT (48446 MULTIPLET BY 
ABSORPTION OF THE HL/ LINE 


3.1. The HL line is partly absorbed by oxygen atoms through 


2p43P, 15 + hy > 2p3(48)3d2Dz,. — (A1026) 
which leads to 

23(48)3d ?Ds 51 —> 2943 Po19 + hv (21026) 
or to 

2p3(48)3d 2Dz 5, > 2p3(48)3p 3P35, + hy (411260) 

followed by 

23(48)3p 3Ps o> 2p3(48)3s 3S + hy. (48446) (13) 
As emitted from an aurora the HL line is several angstroms wide, and may be 
regarded as a continuum compared with the absorption lines. The effectiveness 
of the absorption processes hence depends on the width of the absorption lines 
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as well as on the probabilities of the transitions involved. The oscillator strengths, 
f,;, and the Einstein transition probability coefficients, A;,, were computed (cf. 
Appendix) and are given in Tables 1 and 2. 


Table 1. A,, and f,; for the transition O I(2p4?P — 2p3(4S)3d 3D). 
Upper figures: A,,; in 10’ sec~!, Lower figures: f;; 





3Ds 3D, 3D, 


4-4 1-1 0-1 
0-010 0-0017 0-0001 


3°3 
0-0087 0-0029 








Table 2. A;, and f,; for the transition O I(2p3(4S)3p 3P — 2p3(48)3d 3D). 
Upper figures: A,; in 10% sec. Lower figures: f;; 














At a temperature of 300°K the relative populations of the OI *P ground 
levels for J = 2, 1, and 0 are 1-0, 0-28, and 0-06 respectively. As will be seen 
from this and the Tables 1 and 2, the most important of the absorption processes is 


2p*3P, + hv > 3d 3Da, (10a) 


which is the one coinciding with the centre of the HL# line. This process is 


followed by 
3d 3D, > 2p*3P, + hy (lla) 


or by 
3d 2D, > 3p 3P, + bv. (12a) 


3.2. Neglecting the Doppler width of the absorption line, the absorption 


32 








Secondary processes due to absorption of the Lyman lines emitted from aurorae 


cross-section at a distance Ad from the line centre is 
(AA) = by2/{(AA)® + do} (14) 


where 
OS ae THI OM ASS, TF, dy = TH. 10-1 TS. 


A, is the wavelength of the line centre in angstroms, and [' = 5 4,, (cf. ALLER, 


1953). For the process considered, 2 = 1026 A, f;; = 0-010 and I’ = 7-4. 107 
sec-!, so that by = 7°8.10-1%cmA and d, = 4:2. 10-12 A?2. Taking the only 
other important absorption to be that by O,, the effective width of the radiation 
absorbed by atomic oxygen is 
(Ad) n(O) . 
a= | ain (0) + ONO) 
in which n(O) and n(O,) are the concentrations of atomic and molecular oxygen 
respectively, and Q the absorption cross-section for oxygen molecules. The radiation 
absorbed is regarded to be continuous with constant intensity, and n(O)/Qn(O,) 
to be constant. The first assumption is justified, because the wavelength range 
over which x(AA)n(O) > Qn(O,) is small compared with the width of the HLA 
line. Integration yields 
AA, = mbgln(O)/Qn(O.)}! [1 + Qn(Og)do/n(O) b,21-. (16) 


In the auroral region of the upper atmosphere we may take n(O)/n(O,) to be 20 
or less (FRIEDMAN, 1955; MAanGes, 1955). Noting that the cross-section for 
absorption by O, is about 10-18 cm? (LEE, 1955; WATANABE, MARMo, and PREss- 
MAN, 1955) we find 

Ad, < 0-11 A. (17) 
The excited atoms radiate this energy partly by process (lla), partly by (12a). 
From the transition probabilities given in Tables 1 and 2 it is seen that 60° of the 
absorbed photons will be re-emitted at the same wavelength, thus in effect being 
scattered only. The cross-section «’(AA), for the absorption followed by emission 
of 18446, is thus about 0-4 «(AA), which gives the effective width for this process, 
Ai’,, to be about 0-6 AdZ,, so that 

Ai’, < 0-07 A. (18) 

If n(O)/n(O,) is greater than 20 above the main luminosity, the observed effect 
is not likely to increased. For n(O) = 10% cm-* (h ~ 110 km) the mean free path 
before absorption will be of the order of 100 km for a photon displaced 0-025 A 
from the line centre. There will thus be a considerable geometrical spread out of 
the HLf line before absorption, whereas an observation usually refers to that 
being emitted within a certain column. 

Taking 4 A to be a conservative estimate of the width of the HL line, averaged 
over all directions (cf. 2.4), it is seen from equation (18) that less than 2% 
of the HL photons are absorbed and give rise to emission of an O I 48446 photon. 
The other processes included in equation (1) may be neglected as unimportant. 

3.3. The hydrogen lines Ha and HL# have the same upper level, and have tran- 
sition probabilities 4:39 and 5-54.10’ sec! respectively (MENZEL and PEKERIS, 
1935), so that their emission rates are approximately equal. MEINEL (1951b) 
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give the intensity ratio [(H«)/J(A8446) = 0-17. This must be corrected for the 
different widths of the lines as they appear on the spectrograms, but it seems 
unlikely that the number of emitted HLf photons exceeds that of OI 18446. 
Again, VEGARD and TONSBERG (1952) report the intensity ratio [(A8446)/[(45577) 


0-15 for normal aurorae (OMHOLT, 1956), so this confirms the view that the emission 
rate of the HLA line is less than that of the O I 18446 line. 

From these considerations it may be concluded that generally less than 2% 
of the emission rate of the OI 48446 line is due to absorption of HL 
photons, so that this process is unimportant. 


APPENDIX 


The oscillator strength for a transition is given by 


822mc 1 


fa Shee gd 


and the Einstein spontaneous emission coefficient by 


2 952 
ome’ 91 


A (A2) 


AN ee + 
m, e, c, and h having their usual significance, g, and g, being the respective statis- 
tical weights of the lower and upper level concerned, 4 being the wavelength of 


the associated radiation, and S being the line strength which may be written 
S= ¥(MS(L) oc (A3) 


where Y(.M%) and Y(¥) are factors depending respectively on the particular 
multiplet of the transition array and on the particular line of the multiplet, and 


e R, Ry dr, (A4) 


in which / is the greater of the two azimuthal quantum numbers involved in the 
transition, and R,/r and R,/r, the initial and final radial wave functions for the 
active electron, normalized in atomic units. 

S(M) was derived from tables published by GOLDBERG (1935, 1936) and by 
MENZEL and GoLpBERG (1936), and Y(£) from tables published by WuiTeE and 
ELIASEN (1933). For the transition (3p ?P — 3d 3D) o? was derived from a set 
of tables published by Bates and DamGaarp (1949). These tables do not cover 
the transition (2p42P — 3d 3D). 

The radial wave functions for O+(1s)?(2s)?(2p)? 48 and O(1s)?(2s)?(2p)4 3P have 
been calculated by HARTREE, HARTREE, and SwiREs (1940) by the self-consistent 
field method with exchange. The wave function for a 3d electron in the static 
field of O*(1s)?(2s)?(2p)* core was determined and taken to represent the 3d electron 
in the configuration O(1s)?(2s)?(2p)?(2p)? 3d 3D. Its energy parameter ¢ was found 
to be 0-111,1, times the ionization potential of hydrogen. Using the wave functions 
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mentioned, the parameter o” (defined by equation A4) was finally computed, a 
value of 2-9 . 10-3 atomic units being obtained. 
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The effective recombination coefficients in the E and F/ layers 
during the solar eclipse of 25 February 1952 
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Abstract—Only part of the Z-layer ionizing radiation on 25 February 1952 can be regarded as having its 
origin in a uniformly radiating disk, and it is necessary to postulate the existence of two isolated sources 
near the east and west limbs of the sun. The contribution of each source to the value of qo/«’ for the 
unobscured disk can be derived from the response of the E layer to the eclipse and expressed as a linear 
function of 1/x’.. When the corresponding functions for Khartoum and Ibadan are equated and solved 
for x’, it is found that at both places «’, = 1-2 x 10-§cm*s-!, as compared with «’, = 1-5 x 10-8 cm’ s“? 
which was obtained earlier by assuming that, at second contact at Khartoum, the intensity of the 
ionizing radiation fell to zero. For the F'J layer it is concluded that «’,, = 0-65 x 10-* cm*s7}. 


1. INTRODUCTION 


In recent years the evidence obtained from the ionospheric changes which take 
place during solar eclipses has tended to show that at least a part of the H- and 
F1-layer ionizing radiation is emitted with enhanced intensity from the base of 
coronal condensations in which the line at 5303 A can be detected. The height 
above the photosphere at which the ionizing radiation originates is not known, 
but if it is sufficiently great some residual radiation will remain, even when the 
photosphere is totally eclipsed. 

If the E and Fi layers of the ionosphere are regarded as Chapman layers, 
the effective recombination coefficient («’) during an eclipse is given by 


a’ = [dN/dt]/[(qolx’) A’ cos x — N?] (1) 


where NV = electron density, 7 = solar zenith angle, gy = rate of production of 
electrons per unit volume for y = 0, A’ = unobscured fraction of ionizing radiation, 
and ¢t = time. 

If it is assumed that A’ = 0 at second contact during a total eclipse, equation (1) 
allows an estimate of the magnitude of «’ to be made and, for the eclipse of 25 
February 1952, this gave «’, = 1-5 « 10-8 cm* s~1 and «’,, = 0-8 « 10-8 cm? s-} 
(Minnis, 1955). If, however, A’ + 0 at second contact, the value of «’ derived from 
equation (1) increases rapidly as A’ increases (Table 1) and, unless information 
on the magnitude of A’ can be obtained, the method does not yield a unique 
value for «’. 

An immediate result of assuming that «’, = 1-5 x 10-8 cm's-! is that it 
becomes necessary to postulate the existence, close to the west limb of the sun, 
of an intense source of ionizing radiation which contributes 28% of the total 
radiation. The assumed existence of this source, together with a smaller one near 
the east limb and a uniformly bright disk, is sufficient to account almost completely 
for the observed eclipse changes in the HE and FJ layers at Khartoum. To obtain 
some support for the conclusions based on the Khartoum results, the data relating 
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to the partial eclipse at Ibadan (PiccorT, 1952) were subjected to a similar analysis, 
and it was found that the model of the distribution and intensity of the radiation 
sources which was necessary to explain the Ibadan results closely resembled the 
Khartoum model (Minnis, 1955). 

In analysing the Ibadan data, it was assumed that «’, = 2 x 10-§ cm’ s-1, 
and the consequences of using much higher values were not fully investigated. 
In consequence, it is possible to argue that the good agreement between the 
Khartoum and Ibadan models may be a coincidence, and that equally satisfactory 


Table 1. Relation between «’, and A 
(Khartoum, 25 February 1952) 





A . | a 
unit 10~-8§ em? s—} 


2-6 


9-4 


oO 





results might still be possible for much higher values of «’,. In the discussion 
which follows, the data for both stations will be re-examined without making any 
initial assumptions regarding the value of «’,. It will be shown that an inter- 
comparison of the data from these two stations leads to the conclusion that a 
value for «’, much greater than that already quoted would be unacceptable, 
and that the earlier assumption, that total obscuration of the ionizing radiation 
occurs during totality, must consequently have been correct. 


2. EXPERIMENTAL DaTA 
In a simple Chapman layer 
N « cos? x, 


and it can also be shown that 
as 1 dN 
(“) 4’ = (2 a age sec” 1= J 
Oo a’ dt i 


where n = 1. In practice it is often found that the exponent in equation (2) is not 
exactly 4, and it is preferable to insert the appropriate value for in equation (3). 
If q,/«’ is assumed to remain constant during an eclipse, J will be proportional to 
the instantaneous intensity of the ionizing radiation. 

In Fig. 1, J has been plotted as a function of the unobscured fraction of the 
area of the sun’s disk at Khartoum for two values of «’; Fig. 2 is a similar plot 
for Ibadan. From a comparison of the experimental curves with those for a 
uniformly bright disk, it is at once obvious that at neither station can the J-A 
curves be explained without postulating some nonuniformity in the brightness 
of the sun’s disk. 
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3. THE INTERPRETATION OF THE J-A CURVES 


Soon after the beginning of the eclipse both at Khartoum and Ibadan there is a 
sharp fall in J below the line representing a completely uniform disk, and this is 
taken to imply the existence of a bright source of ionizing radiation near the west 
limb of the sun. A similar sharp rise in J just before the end of the eclipse at both 





! q T 


a’ = 1:5 x 10-§cm*s-? 
—— - — uniformly bright disk 
E-layer J-A curves for the total eclipse of 
25.2.52 at Khartoum. 
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stations is assumed to indicate the presence of a second source near the east limb. 
Apart from these irregularities in the behaviour of J, and also those which occurred 
near the maximum phase of the eclipse at both stations, the J-A relations are 
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fairly linear, and this shows that the central part of the disk can be regarded as 
approximating to a uniformly bright radiator. 

At Khartoum the sudden rise in J (which occurred within 45 sec after third 
contact), and the subsequent linear change show that the west-limb source is 
confined to a narrow annular strip close to the limb. The location of the east-limb 


Pole 


S 
Fig. 3. Track of centre of moon across sun’s disk as seen from Khartoum (Kh) 
and Ibadan (Ib) on 25.2.52. 
—-—-- Bright source of ionizing radiation. 
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Fig. 4. Idealized J-A curves for Khartoum (Kh), Ibadan (Ib), 
and a uniformly bright disk (U.D.). 


source can best be determined from the Ibadan results, and it is found to lie in a 
small area centred at about 0-2 Ro from the limb. 

All the deductions which have been made above regarding the locations of the 
bright sources are independent of the value of «’ used in computing J: «’ determines 
the relative brightness of the sources rather than their positions. These deductions 
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are illustrated in Fig. 3, and the idealized J-A curves which would result from a 
distribution such as that of Fig. 3 are shown in Fig. 4 for a particular value of «’. 
For purposes of illustration, the idealized J-A curves for Khartoum and Ibadan 
have been made coincident for large values of A, but this will not necessarily 
be so in practice. The symbols Kh and Ib indicate the transition from the lower 
to the upper branch of the J-A curve at Khartoum and Ibadan respectively. 
The points at which the ordinates A = 0 and A = 1 intersect the extrapolations 
of the linear portions of the J-A curves are marked J, — J,; J, is the value of J for 
the unobscured disk. 

If Jy, and J, represent the J values for the west- and east-limb sources re- 
spectively, and J, is that for the component of J, which is uniformly distributed 
over the disk, then it is evident from Figs. 3 and 4 that these parameters are 
related to J, — J, by equations (4-7). 

Jo =IJIp tIw td ( 
Jn =J,—J,=d, —Jds (5 
Iw =Jo —J2 =I; ( 
Ip =Jo —J, =I, ( 


4. THe INTENSITIES OF THE BRIGHT SOURCES 

The numerical value of J, can be found from the normal diurnal variation 
of NV, but, as can be seen from Figs. 1 and 2, the values of J, — J, depend on the 
value of «’ used in computing the J-A curve. It was found that J, — J, could 
all be expressed as linear functions of 1/x’, and it follows that Jp, Jw, and J, can 
be expressed similarly by making use of equations (4-7). The combinations 
of J, — J, which were actually used to determine Jp, Jw, J, are shown in Table 2, 
and the derived values of these intensities are given in Table 3 in which «’, and «’; 
represent the H-layer effective recombination coefficients at Khartoum and Ibadan 
respectively. The limits quoted in Table 3 represent estimates of the maximum 
experimental error likely to occur in deriving the numerical coefficients from 


the J-A curves. 
Table 2. Combinations of J, — J, used in Table 3 





Source Khartoum Ibadan 
Jp J, —ds Jo —dy 
Jw Js Jo —dJo 
Jy Jy —d, J, 





Table 3. J values of sources (unit 108 em~*) (derived from Figs. 1 and 2) 





Source Khartoum Ibadan 
Jo 258 256 
Jp 217-3 + 1-5 — (60-0 + 5)/a’, 1565 + 5+ (10-8 + 5)/a’; 
Jw 38-5 + 0-5 + (47-0 + 3-5)/a’, 74:3 + 2:5 + (5-4 + 2°5)/a’; 
Su 14414 (14-6 + 4)/o’, 24-9 4+ 2-5 — (16-1 + 2-5)/a’; 
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5. THE CALCULATION OF «@’ 


If an adjustment is made to allow for the difference in J, at Khartoum and 
Ibadan, it is possible to equate the respective pairs of values of Jp, Jw, and Jy 
given in Table 3. The resulting equations can be simply solved for «’, and «’,, but 
the reliability of the solution requires further consideration. The solution of 
several simultaneous equations having coefficients which contain errors, the 
standard deviation of which is known, is very similar to the problem of locating 
an object by means of intersecting position lines which has been discussed by 
STANSFIELD (1947) and DANTELS (1951). 

The methods described by these authors have been applied here, and the 
results are illustrated in Fig. 5, in which the lines ZH, W, and D represent the 
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1:0 12 


5 
a} x 10cm? Ss"! 
Fig. 5. Determination of most probable values of «’, and «’;. 
O No restriction on «’;/x’; 
A 99% chance that 0-75 < a’,/x’, < 1-25 
O a, = 0’; 


equations for J,, Jw, and Jp. The intersections of these lines give the three 
possible solutions for «’, and «’; when no account is taken of errors. The limits 
quoted in Table 3 are assumed to equal three times the standard deviation of the 
error; given this assumption, it is possible to find the most probable solution and 
to draw an ellipse within which there is a 99° chance that the true solution will lie. 
This ellipse is marked A in Fig. 5, and the point, enclosed by a circle, at its centre 
is the most probable solution and gives 


a, == 13 x 10-* om? e* 


a’, = 1-4 x 10-§ cm’ s-? 
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The eccentricity of this ellipse indicates that the circumstances of the eclipse 
were such that the possible error in determining «’, is much less than for «’;. 
However, solutions for which «’,/«’; ~ 0-5 cannot be accepted, because this 
would be equivalent to a difference of about 100 km in the height of the layer at 
the two stations. This has been taken into account by adding a further restriction, 
and it has been assumed that there is a 99° chance that 0-75 < «’,/a’; < 1-25; 
this condition is represented by the line Z in Fig. 5. There is now a 99% chance 
that the true solution lies in the ellipse marked B; and the most probable solution, 
indicated by a triangle at the centre, is 


= 1-2 «x 10-8 em? s-! 
.= 1-3 x 10-8 cm? s-! 


It is doubtful whether the difference between «’, and «’,; is significant, and 
it seems best to assume finally that «’, = «’;. The most probable solution is then 


a’, = a’, = (1-2 + 0-1) x 10-* cm* 5 


A necessary corollary of the low value for «’, which results from the new 
method of computation is that the intensity of the ionizing radiation at second 
contact at Khartoum must have fallen to an extremely low value. There is there- 
fore some justification for the earlier method used to determine «’, at Khartoum 
which assumed A’ = 0 at second contact and which gave a somewhat higher 
value for «’,, than the new method. However, the old value depends on measure- 
ments made during only a few minutes, whereas the new value is based on a series 
of observations covering one or two hours at each of the two stations. The reliability 
of the new value must, therefore, be considerably higher than a comparison of the 
experimental errors alone would suggest, and the best estimate of the effective 
recombination coefficient in the # layer using all the evidence obtained at Khartoum 
and Ibadan is 


a’ = 1:2 x 10-§ om? st. 


The F1-layer data are not sufficiently reliable to justify the use of the method 
of analysis applied to the H-layer results. There is, however, evidence to suggest 
that «’/«’ »; = 1-85 (Minnis, 1956), and if this is accepted it follows that 


a’ w, = 0-65 xX 10-8 cm? s—. 


6. EVIDENCE FOR THE EXISTENCE OF BRIGHT SOURCES 


If the # layer is assumed to behave approximately as a Chapman layer, and 
if x’, lies between 1-2 and 1-5 x 10-8 cm*s—!, the explanation of the changes in 
the E layer during the 1952 eclipse requires that about 25° of the ionizing radiation 
should originate in a bright source very close to the west limb of the sun. The 
rotation of the sun on its axis would cause such a source to disappear round the 
limb soon after eclipse day; a reduction in the total intensity of the ionizing 
radiation, and therefore in J,, would follow unless an equally bright source appeared 
at the east limb. 
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At Khartoum the diurnal variation in the maximum electron density in the 
E layer is given by N « cos?* y, and consequently it is possible to regard N? 
sec “3 y as an approximate value for J, if dN /dt is small (equation 3). The day-to- 
day change in J, has been estimated by evaluating (XN? sec “3 y)/9 for the nine 
hours centred on noon (Fig. 6), and there is clear evidence of a fall of about 15°%% 
during the week centred on the eclipse. This fall is somewhat less than would 
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Fig. 6. Day-to-day changes in J, at Khartoum. Zero is equivalent to 
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be expected, but the discrepancy could be due to changes in the intensity of the 
individual sources of radiation on which no information is available. Nevertheless 
it seems reasonable to regard the fall in J, and the implied fall in the intensity 
of the ionizing radiation as additional evidence in favour of the existence of the 
west-limb source already discussed. 


7. CONCLUSIONS 


An earlier determination of the recombination coefficients in the # and FI 
layers was made by assuming that at second contact during the eclipse at Khartoum 
the intensity of the ionizing radiation fell to zero. A new calculation of «’ has 
now been made which does not make this assumption, but the resulting values 
of «’, and «’,, do not differ much from the earlier values. It is concluded that for 
both Khartoum and Ibadan 


= 1-2 x 10-8 cm? s—!, 
= 0-65 « 10-8 em? s—! 


and these low values imply incidentally that during the interval of totality the 
ionizing radiation was completely cut off. 
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L’absorption ionospherique a Dakar 


F. DeLopeav et K. Sucny 
du Service Prévision Ionosphérique Militaire 


ABSTRACT 


Decrements of ionospheric absorption have been calculated from measurements in Dakar. From 
the monthly medians of these decrements, characteristic values for selective and nonselective absorption 
have been determined. For both cases a variation with the sunspot numbers was found. The non- 
selective absorption shows a direct proportion of the plasma-frequency in the D-layer with the sunspots. 
As to the selective absorption, there has been observed an increase of the collision-frequency at the 
E-layer’s central height with decreasing sunspots. We suppose this phenomenon to be caused by a 
decrease of the layer’s central height. 


1. MESURES ET TRAITEMENT DES RESULTATS 


Des mesures de l’absorption ionosphérique ont été entreprises & Dakar (14,6° N— 
17,3° W) depuis juin 1951. Elles ont été effectuées chaque jour vers midi, sur 
plusieurs fréquences au moyen de lionosonde de la station (HARNISCHMACHER, 
1951). On a relevé les amplitudes des réflexions ionosphériques obtenues et 
calculé le décrément de l’absorption. La méthode de calcul utilisée est celle de 
RATCLIFFE (1935) et on peut la trouver exposée dans le travail de RAWER (1951). 

On a obtenu a partir des médianes mensuelles du décrément d’absorption 
(Table 2) deux caractéristiques pour l’absorption sélective et l’absorption non 
sélective. La méthode avait été donnée par Brat et RAWER (1951) et appliquée 
aux mesures d’absorption des stations de Slough et de Fribourg pour la période 
1948-1950. On y seulement apporté de petits changements dans les unités et 
les notations. On a introduit en outre des facteurs de correction pour mieux tenir 
compte de l’influence du champ magnétique terrestre. Les nouvelles unités et 
notations s’appuyent sur un travail de Bist, Buscu, RAwer, et SucHy (1955) 
et sont comparées avec celles de Brpt et RAWER (1951) que l’on peut trouver 
dans la Table 1. 

fs 6 


f b 
(1954) (fp = gyrofréquence; 6 = angle que fait le champ magnétique terrestre 
avec la verticale). Dans les régions d’inclinaison importante ou moyenne on a 
F = 1 pour des fréquences assez hautes et il n’y a plus lieu d’en tenir compte. 


sont tirés d’un travail de MILLINGTON 


Les facteurs de correction F( 


2. VALEURS DES MESURES 
Les mesures ont eu lieu selon l’horaire suivant: de juin 1951 & septembre 1951 a 
12h 20 TLM; a partir d’octobre 1951 4 10 h 40 TLM ce changement ayant pour 
but d’opérer en synchronisme avec les mesures d’absorption de la station de 


Fribourg. 
Les fréquences de travail ont été 


fiw 2,0 2.83 4,0 5,66 8,0 MHz. 
(de VIII. 51 au I. 52) 
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La gyrofréquence f, et l’inclinaison 7/2 — 6 apparaissent dans le calcul de 
l’absorption non sélective. Pour trouver la gyrofréquence on a profité de mesures 
de la séparation des composantes magnétoioniques dies 4 la couche F,. On en a 
déduit la valeur du champ terrestre 4 une altitude de 80 km, en accord avec la 
répartition donnée par le dipédle magnétique et par comparaison avec la valeur 
mesurée au sol. 

On a ainsi trouvé f, = 0,9 MHz pour la couche D. L’inclinaison a été supposée 
égale 4 19,3°. La composante longitudinale de la gyrofréquence devient donc 
fr = 0,297 MHz. 


Les facteurs de correction F (%, 6) sont donnés par une courbe due & MILLING- 


TON (1954). Pour les fréquences mentionnées ci-dessus on trouve respectivement 


F (6) = 1,17 1,09 1,06 1,03 1,02. 
‘ 0 
Pour calculer l’expression A, (‘—~ } intervenant dans le calcul de l’absorption 


sélective on a déterminé f° a partir des médianes mensuelles de cette caractéristique. 


3. RESULTATS DU DEPOUILLEMENT 


On a évalué les quantités B/(2 bel x MHz?) et N/(2 bel) en accord avec la methode 
de Brest et Rawer pour l’absorption sélective et l’absorption non sélective. 
Utilisant les expressions de la table 1 on a trouvé pour Dakar les valeurs 
B/(db x MHz?) et V/db chacune d’entre elles étant 20 fois plus grande que les 
caractéristiques de Brpt et Rawer. Les résultats sont indiqués dans la Table 2 
et sur la Fig. 1. (Si dans le diagramme B, N on n’a obtenu qu’un ou deux points 
d’intersection les valeurs médianes correspondantes ont été mises entre parenthéses.) 

Les valeurs annuelles portées sur la Table 2 ne sont pas des moyennes ou des 
médianes des valeurs mensuelles, mais ont été obtenues selon BrsL et RAWER 
depuis des valeurs médianes annuelles caractéristiques grace a un calcul 
intermédiaire. 

La Fig. 1 nous révéle une proportionnalité entre les valeurs annuelles de 
B et 1/N et le nombre de Wolf R de taches solaires C’est pourquoi nous avons 
cherché les corrélations des valeurs mensuelles de B et de 1/N avec les valeurs 
mensuelles de R, puis déterminé les ‘nombres de corrélation”’ en opérant selon 
la méthode de Rawer (1951). On a trouvé dans les deux cas des nombres de 
corrélation de 0,5 de sorte qu’on peut parler d’une bonne corrélation. 

La diminution de B avec celle des taches solaires pourrait s’expliquer par celle 
de la densité électronique (caractérisée par la fréquence de plasma f,) dans la 
couche D. Moyennant une forte dispersion on obtient 


B : 
Sa rere 
Brsu et RAWER (1951) ont mis en évidence le méme comportement pour les stations 
de Slough et de Fribourg dans les années 1949 et 1950. 

Ces auteurs ont aussi noté une chute de la quantité 1/N selon les taches solaires. 
Ce fait existe aussi pour Dakar et pourrait étre causé par |’évolution de la hauteur 
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L’absorption ionospherique & Dakar 


du milieu de la couche #. Il en résulte une augmentation du nombre de chocs v, 
a cette hauteur. Pour contréler cette supposition et obtenir en méme temps des 
résultats quantitatifs sur v) on a supposé pour chaque année une demi épaisseur 
constante Y,, = 22km. Cette valeur correspond a une estimation de SHINN 


m 


et WHALE (1952) d’aprés les courbes de APPLETON et BEYNON (1940). 
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Fig. 1. Caractéristiques de l’absorption séléctive et non-séléctive pour Dakar. 


Tenant compte du champ magnétique terrestre SHINN et WHALE trouvent d’ailleurs 
Y, = 12km. Comme on n’a pas tenu compte de cette influence dans les formules de BrBu et 
RAWER (1951) on n’a pas pris en considération le champ terrestre dans le calcul de absorption 
sélective et on a utilisé les formules de ces derniers avec la valeur Y,, = 22 km. 

D’aprés la Table 1 on obtient pour Y,, = 22 km 


¥ 
/ 
4 


1,57 - 103 ‘ 
- db 


Les valeurs annuelles de N prises dans la Table 2 donnent 
925-103 956-103  10,82- 103 
pour 1951 1952 1953 1954. 


Avec la loi de variation v= v, exp (—2,5y) pour le nombre de chocs (Bre. 
et Rawer, 1951) on voit qu’une diminution de la hauteur du milieu de la couche 
de 5,5 km est suffisante pour expliquer augmentation de v, de 1951 a 1954. 
Ceci correspond 4 une chute annuelle moyenne de prés de 2km. C'est un tel 
ordre de grandeur que l’on trouve en fait pour les lectures de h’E sur les iono- 
grammes. Ainsi la chute de 1/N s’explique t-elle par l’augmentation du nombre 


de chocs. 
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On the propagation of radio waves through the upper ionosphere 
G. R. Exuis 


Commonwealth Ionospheric Prediction Service, Hobart, Tasmania 
(Received 14 January 1956) 


Abstract—The low-frequency limit for the propagation of radio waves through the ionosphere is 
discussed. It is shown that reflection and absorption of extraordinary waves can occur well above 
the F region near the level where f = f,,, if the wave frequency is less than f,F,, and if the electron 
density near this level is not negligible. In these circumstances the low-frequency limit will be determined 
by f,f,, and observations of cosmic radio emission at frequencies much below 1 Me/s are unlikely. 


1. INTRODUCTION 


Ir has been demonstrated recently (REBER and ELLIS, 1956) that cosmic radio 
emission can be observed successfully at frequencies in the vicinity of 1 Me/s 
when the ionospheric conditions are suitable. 

The possibility of observing at such low frequencies makes it desirable to 
examine what the absolute low-frequency limit is likely to be. Previous writers 
(RATCLIFFE, 1933; BREMMER, 1949) have pointed out that, when the ordinary 
wave critical frequency is sufficiently low (fF, < V2 Su,,): the low-frequency limit 
for propagation vertically through the ionosphere is given by 


teh = (J+ — Be, 


while the actual occurrence of low extraordinary-mode critical frequencies has 
been observed by Warts and Brown (1954), who published P’f curves obtained 
at Washington in February 1953, which showed values of fF, and f)F, of about 
400 ke/s and 900 ke/s respectively. 

However, estimates of the low-frequency limit based on these observations 
will be misleading if allowance is not made for the possibility of a substantial 
electron density well above the F region. In particular, it will be shown that 
with electron densities of several hundred per cubic centimetre (STOREY, 1953), 
the propagation of the extraordinary mode completely through the ionosphere 
will be impossible at any frequency less than fF, which at high latitudes will 
be in the vicinity of 1-5 Me/s. 

2. NoTATION 
= angle of incidence, 


charge on electron, , 
mass of electron, Ne2 
electron density, ae J mr 
H = magnetic-field intensity, eH 
f = wave frequency, ta = Qame 
A = vacuum wavelength, 
pre 


R = radial distance from centre of the earth, a f? 


2 
= 


a = geomagnetic latitude, fu 
y¥=- 


6 = inclination of geomagnetic field to vertical, f 
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3. PROPAGATION THROUGH THE LOWER IONOSPHERE 


In considering the propagation of extra-terrestrial radio waves, it is convenient 
to divide the ionosphere into two regions. That up to and including the F region 
we shall call the lower ionosphere, while that above the F region will be called the 
upper ionosphere. It is obvious that propagation through both these regions 
must be possible for complete penetration of the ionosphere. Propagation through 
the lower ionosphere has been studied by many authors, and we list in Table 1 the 
five possible modes of propagation together with their appropriate frequency 
ranges and angles of incidence. 


Table 1. Modes of propagation through lower ionosphere 





Frequency range for Approximate 
Description penetration of Angle of incidence observed low- 
electron maximum frequency limit 


High-frequency 2 
extraordinary f>4hf + ane 2 Me/s 


mode 


Ordinary mode > 900 ke/s 


ae yeeros on ; 

Oblique longitudinal ; . : ’ 1 Me/ 

2 > —_—_ — : — Me/s 
ordinary or Z mode /9 


Extraordinary mode 
below gyro-frequency 


Oblique longitudinal 


A 5 als : 
cos? 0 >f>0 sin~! {sin 0 
extraordinary mode fr 008 f ‘ y 





4. PROPAGATION THROUGH THE UPPER IONOSPHERE 


Waves which have penetrated the lower ionosphere by the first three modes 
listed in Table 1 will also penetrate the upper ionosphere. However, this is not 
necessarily so for the two low-frequency extraordinary modes. If we consider 
wave frequencies less than f;,F,, then the decrease on the geomagnetic field 
intensity with height will cause the gyro-frequency at some level above the F 
region to equal the wave frequency. Although this will not affect the propagation 
of the ordinary mode, the refractive index of the extraordinary mode can become 
infinite and zero in the vicinity of this level, providing the local electron density is 
sufficient. 

A complete treatment of the propagation conditions would be very complicated, 
since both the electron density and the magnetic-field intensity vary. However, 


¢ 
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in the region near which f = f,, the variation in the extraordinary refractive 
index due to changes in electron density will be very much less than those due to 
changes in f;,. We can, therefore, treat the medium as one of uniform electron 
density with a varying magnetic field, and surfaces of constant refractive index 
will be perpendicular to the field direction. The effective angle of incidence for 
this region, of a wave approaching the earth, is difficult to estimate, but for calcu- 
lating the minimum attenuation for propagation through it we need only consider 








| 
L 
| 














nm 











Refraction index 
































O 
-400 -300 -200 -100 O 100 200 300 400 500 
Distance along line of force —> km 


l ! J ! as 
1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 
Height above ground =——»> km 





Fic. 1. Variation of X-mode refractive index with distance along a line of force. 
f = 600 ke/s, N = 700 e/ec, « = 55°, 0 = 192°, fy, = 1-5 Me/s. 


normal incidence, which in this case implies longitudinal propagation. The 
refractive index equation may then be written 


x 

fal — , 
aed 

This expression has a zero at y = 1 — x and an infinity at y = 1, and its variation 

along a line of force in typical circumstances is illustrated in Fig. 1. A wave 

approaching the earth will encounter first the zero and then the infinity. Now, 

BuDDEN (1954) has calculated the transmission coefficient for wave propagation 


through an adjacent zero and infinity of refractive index. He showed that 

| 7 - 

iT = exp(— 7s) (1) 
where AS is the distance between the zero and the infinity measured in units of 4/27. 
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For an inverse cube variation of field intensity with radial distance we have 


R 3 
Y=Y, eS : 


The subscript g refers to quantities measured at ground level. The radii at which 
the zero and infinity occur will be 


(y= 1 — 2) (3) 


y= 1. (4) 
Then we may write 


— RR 
ae ~ 
cos 4 


R, y,} ( 
— 04s («1 — gz) — 1] 

cos 4 
and the transmission coefficient becomes 


7R, y,' 


(1 — 2)? -1)) 


8 tis t= 2 cos 


0-31.e.cosa 


1 + 4 tan? «)?. 
2amef os ) 


= 
In the range of high latitudes where the required low critical frequencies 
occur, § will be less than 20°, f will be between 0-5 and 1-5 Mc/s, and y, will vary 
between 1:5 and 3. The height at which y= 1 will be less than 3000 km 
(equation 4). It can be seen from equation (6) that, in these circumstances, the 
transmission coefficient will depend mainly on the electron density near this 
level. Table 2 shows the variation of the transmission coefficient with electron 
density for typical values of f and f;,,. Effective propagation of the extraordinary 
mode downwards through the region in which f ~ f;,, requires an electron density 
of less than about 0-1 electron per cm®. 


Table 2. The variation of the transmission coefficient with electron density. 
f = 500 ke/s, fag = 1-5 Mc/s, 6 = 19-2° 





Electron density 


pre Transmission coefficient 
(electrons/cm?) 





1-8 x 1071 





4 x 10-8 





10-74 
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For higher electron densities the major part of the downcoming wave will be 
reflected back. In the case of propagation upwards, the wave will encounter the 
refractive index infinity first. BupDEN (1954) has shown that when this happens 
there will be no reflected wave, and the level at which the infinity occurs will not, 
therefore, be observable from the ground, using echo techniques. 


5. CONCLUSION. 


Since it is likely that electron densities of more than 0-1 electron per em* 
exist at distances of several thousand kilometres from the earth, the propagation 
of the two low-frequency extraordinary modes through the ionosphere isimprobable. 
Of the five possible ways in which waves can penetrate the lower ionosphere, we 
therefore have only three which can also penetrate the upper ionosphere. Of these 
three, the oblique longitudinal ordinary mode can produce only second-order 
observational effects in the absence of strong discrete sources of extra-terrestrial 
radiation, since its angular range is only about 1 degree (ELLIs, 1956). 

The low-frequency limit for the observation of cosmic radio emission will, 
therefore, in general be that given by f,F',, and the observation of these radiations 
from below the ionosphere is unlikely at frequencies much less than 1 Mc/s. 
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Abstract—Large-scale travelling disturbances, now frequently observed in the ionospheric F layer, are 
interpreted in terms of an electron resonance. This phenomenon arises when an initial atmospheric 
disturbance sets the electrons into natural modes of oscillation, and the resultant increase of electron 
displacements then enhances the likelihood of detection by present (radio) techniques. Certain quali- 
tative features of the observed disturbances can be explained on this basis, and a quantitative comparison 
provides estimates for several ionospheric parameters which are in good agreement with the values 
expected. Further application of an improved theoretical development may well provide an extremely 
useful method of investigating the physical properties of the ionosphere. 


1. INTRODUCTION 


THE uniform motion revealed by many ionospheric disturbances may result 
from a wind-like movement of charge, with or through the atmosphere, or 
from a propagating wave-like irregularity. The theoretical analysis of the first 
possibility is extremely complicated, primarily because of geomagnetic effects 
which thwart almost any attempt at a steady-state solution. The wave hypothesis 
is more easily examined, though its development also involves the geomagnetic 
field, and two preliminary analyses have been presented to date. Both of these 
adopt a hydrodynamic wave motion of the atmosphere as the basic disturbance, 
but they then develop along different lines. One assumes a trapping of energy, 
perhaps in cellular waves (MARTYN, 1950), and the other assumes an observational 
enhancement of certain modes of oscillation, resulting from a hydromagnetic 
resonance (HINES, 1955). 

A new resonant effect is considered in the present paper, and for convenience 
this is termed electron resonance. It occurs when an initial disturbance of the 
atmosphere generates natural modes of oscillation in the free electron gas. In such 
circumstances, abnormally large distortions of the electron distribution would 
result, and these would be particularly susceptible to detection by the radio 
methods presently employed. If the disturbances which are revealed by such 
methods are in fact resonant waves, then their characteristics should be related 
to the conditions necessary for resonance. 

Attention is to be centred here on the travelling disturbances which occur with 
relatively large spacial and temporal scales (200 km, 20 min) in the F layer. 
Smaller-scale disturbances, both below and above the main body of the F layer, 
appear to be more suitably interpreted in terms of wind-like drifts of electrons; 
except for a passing reference, they will not be discussed again in this paper. 

It will be shown that the large-scale disturbances do have several features in 
common with resonant modes of oscillation. Interpreted as such, they lead to 





* The work was performed under project PCC No. D48—95-11-01. 
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estimates for a number of ionospheric parameters which are in good agreement 
with the values indicated by other types of measurement. Indeed, if the observed 
disturbances are accepted as resonant ones, they provide a powerful new tool for the 
investigation of the upper atmosphere. A more thorough theoretical development, 
coupled perhaps with a more refined analysis of the observations, would be required 
before any great accuracy could be achieved. 


2. OSCILLATIONS OF THE ATMOSPHERE 


Adiabatic oscillations of an otherwise stationary and isothermal atmosphere, 
subject only to gravitational forces and pressure gradients, are governed by the 
linearized equations 


podU/ot = pg — grad p, 
Op/ot + U. grad p, = C*(dp/dt + U. grad py), 
and Op/ot + U. grad py + py div U = 0 


for sufficiently small (perturbation) amplitudes. These are the equations of 
motion, of adiabatic state, and of continuous mass conservation; they relate the 
perturbation velocity U,the perturbed density and pressure p and p, the corre- 
sponding unperturbed values p, and po, the gravitational field g, and the speed of 
sound C. The static condition 


Pos — grad py = 0 
may be derived from (1), and then combined with the definitive relation 


Cc? = YPol Po: 
to show that 
Pos Po & exp yB. 1/02, 


Here r is a position vector, y is the usual ratio of specific heats, and g, C, and y 


are taken to be constant. 
Perturbation solutions of the set (1-3) may be obtained in complex fourier 


form: 


oe Po)/ Po: (P—Po)/Po oc exp i(mt — k. fr), (7) 


in which the relative factors of proportionality must satisfy certain conditions, 
depending on the particular mode of oscillation {w, k}. The constant parameters w 
and k must also satisfy a certain condition, in order that nonvanishing solutions 
of the form assumed may in fact be found. Since the basic equations are linear 
and homogeneous in the variables (7), once the required derivatives have been 
obtained, the necessary condition may be found by setting the determinant of the 
coefficients equal to zero. The dispersion relation 


fo = 07°C? kk. R + iw*yg. k — wt — (y — 1)(g X k). (g X Rk) = 0 (8) 


results from this process. 
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Not all sets of {w, k} values allowed by (8) will be found in practice, of course, 
for the generating mechanism and other boundary effects have a part to play. The 
limitations imposed by these cannot be established with any certainty yet, because 
of present ignorance, but certain qualitative considerations are sufficient for 
immediate purposes. Practical interest lies in oscillatory motions, and so a real w 
will be adopted. No dissipative processes have been included, so any horizontal 
propagation may be expected to be unattenuated; it will therefore be assumed 
that the horizontal part of k, say k,, is real. (The effects of dissipative processes 
have been shown to be small, on present estimates, by HINEs, 1955.) 

A similar remark might at first be thought applicable to the component of k in 
the direction of g, say k,, but further consideration will show that this is not the 
case. If k, were real, vertical propagation would be accompanied by an increase 
or decrease of the flowing energy, although no regenerative or dissipative processes 
have been considered. The effect arises because the energy density and flow vary 
as py U ?, and so would vary as exp yg. r/C?, if k, were real. 

It will be found, in fact, that a completely real (nonvanishing) k, is incompatible 
with (8) when w and k, are real. If the form 


k, =k,’ + tk,” (9) 
is adopted, with k,’ and k,” real, then the imaginary part of (8) leads to the result 
Re << @, k,” unspecified (10) 
or to k,’ unspecified, k,” = —yg/2C?. (11) 


That is, evanescent modes may exist, without any vertical phase propagation, 
and modes having some vertical propagation may exist, but these will be accom- 
panied by a vertical variation in the amplitude. It is to be noted that the ampli- 
tude variation in the second case is exactly that required to maintain p, U? 
constant, so vertical propagation can occur only with a constant flow of energy. 
This is a physically satisfactory result, analogous to that obtained with other cases 
of propagation through varying media. 

Of the two relations, (10) «nd (11), only the latter will receive close exami- 
nation here. It allows for vertical progressions directly, and so provides a simple 
interpretation for the vertical progressions which are observed in practice. 
Incidentally, this solution also seems to be the low-frequency generalization of 
ordinary sound waves in the presence of gravity, for, as g tends to zero, it has the 
form of a sound wave propagating in any chosen direction; equation (10), on the 
other hand, still confines the wave to a horizontal progression, so long as any 
finite gravitational field remains. 


3. OSCILLATIONS OF THE IONOSPHERIC ELECTRONS 


It may be remarked at this point that equations (8) and (11) are compatible 
with the observed characteristics of large-scale F-layer disturbances, but this 
hardly constitutes a critical test of the wave hypothesis. More stringent theoretical 
conditions on w and k should be sought, to permit a detailed comparison with 
many specific observed features, before a true theory can be said to have been 
developed. 
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In the absence of any known boundary conditions, other than those already 
covered by the general limitation to a uniform flow of energy, it is reasonable to 
ignore (tentatively) any further restrictions on w and k that might be imposed in 
the basic disturbance. Instead, attention will now be directed to the possibility 
of an observational selection, which might act to enhance the likelihood of detection 
of certain modes, if those modes should ever be generated. For this purpose, it is 
necessary to consider the effect of the atmospheric disturbance on the free iono- 
spheric electrons, since the latter provide the only means of detection by present 
methods. 

The electrons are set into motion by collisions with the moving atmospheric 
molecules, and their subsequent paths are influenced by the geomagnetic field 
and by their own partial pressure. The mean velocity, V, if sufficiently small, is 
governed by the linearized equation 


Nym oVi/ot = N eV x B, + Nymy, (U — V) — grad p,’. (12) 


Here Nom and N,e are the unperturbed mass and charge densities of the electrons, 
y, is their collisional frequency, and p,’ is the perturbation in their partial pressure; 
B, is the geomagnetic induction. N ym, Noe, v,, and By, are assumed constant. 
No electric fields are considered here, though secondary electromagnetic oscillations 
are of course generated by the moving charge. These secondary fields are too 
small to affect the relation (12) appreciably, except under special conditions, just 
as the reaction of the charge on the basic disturbance is normally too small to 
affect appreciably the motion expressed in equation (1). (See Hrvgs, 1955, for the 
orders of magnitude involved in these disturbances.) Gravitational effects have 
also been neglected in (12), quite justifiably. 

The grad p,’ term in (12) may be replaced by a term in V, by applying equations 
analogous to (2-5) with g = 0. These will involve the speed of sound C, and the 
ratio of specific heats y, for the electron gas; both are assumed constant. From 
such equations, the relation 


grad p,’ = —ikk. VN mC ,,?/o 
may be deduced, for a V having the same form as (7). On introducing this into (12), 


and neglecting the inertial force density NymdV/dt (since the wave frequency in 
practice is small compared with, for example, the collisional frequency), the set 


3 Cu V, + v,U, ae 0 (u,v — &,n,) (13) 


may be obtained, where the ¢ axis of the right-handed é, 7, co-ordinates lies in the 
direction of By, and 


V:: = 10 ,7k,?/w — v, = 0 ,7k-k,/o —o, vg = iC 2kk;/o 
UV, 2 = 1 7k, k:]w + w, ly = 1 2k, 2]o —¥, v,¢ = WC ,?k,k;,/o 

Uz. = 1 Pk;k/o = 0 kk, Uy = 1C',7k,?/w — v, 
if wo, = —eB,/m = the electronic gyrofrequency. 


59 





C. O. Hines 


The full solution of (13) is greatly simplified when w, > 1,, a condition which 
obtains in and above the F layer. The impressed electron velocity then lies 
nearly along the geomagnetic field, unless |U;|/U;| or |U;|/U,,, is abnormally small, 
and its magnitude approaches the value 

V, = (1 — iC ,,2k,?/wv,)~ 1 U;. (15) 
This approximation provides a suitable basis for the discussion of observable 
effects, and, in particular, for the introduction of the concept of electron resonance. 


4, ELECTRON RESONANCE 


It is evident from (15) that, if the relation 
1 — iC ,?k,?/wv, = 0 (16) 


were ever obtained in practice, abnormally large electron motions would have 
to be expected. Such a condition is obviously of great importance to the study 
of travelling ionospheric disturbances, since it provides a mechanism for the 
production of gross distortions of the electron distribution with an expenditure 
of relatively small amounts of atmospheric energy. Thus, only weak sources of 
energy are required to produce observable disturbances in the electron distribution 
whenever (16) is satisfied, but much stronger sources would be required to produce 
an equivalent disturbance in the case of other atmospheric oscillations. Conversely, 
it is apparent that only those modes of oscillation which do satisfy (16) would be 
observable, if the sources generating atmospheric disturbances were sufficiently 
weak. 

The observational selection implied in the foregoing paragraph may be thought 
of as a resonance effect, for the condition (16) is an approximation to the dispersion 
relation 

det (v,,) = 0 (17) 
which would govern free oscillations of the electron gas, at low frequencies, in the 
absence of any forcing mechanism. Atmospheric oscillations which satisfy (16) 
are therefore setting the electrons into natural modes of oscillation, and resonantly 
large amplitudes of the latter are to be expected. The phenomenon is conveniently 
described as an electron resonance. 

Oscillations in spatially restricted systems are normally confined by the effects 
of boundaries, which introduce limitations on the allowed k’s. As a consequence, 
resonance in such systems may be characterized by resonant w’s alone, by intro- 
ducing the allowed k’s into the appropriate dispersion relation. Boundary effects 
have been ignored in the case of the electron gas, so here the resonance is not 
characterized by specific w’s, but rather by resonant modes {w, k} which are 
subject only to the approximate electron dispersion relation, (16). 

It may be doubted that the boundaries of the electron gas do have any appreci- 
able effect on the disturbances. In any case, boundary effects impose only 
additional restrictions, while the dispersion condition on the mode remains as the 
basic one for resonance. Accordingly, it should be profitable to proceed with the 
use of (16) alone, leaving for the future any further enquiry into possible subsidiary 
limitations on resonant modes. 
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If w is taken to be positive, (16) may be rewritten as 
ky = +(1 — i)(wr,/2C,?)}. (18) 
(A slightly different formalism is obtained if w is taken to be negative, but the 
physical results are of course the same.) If the azimuth of k, is 9, measured 


eastwards from north (magnetic), and if the magnetic dip angle is J (>0 in the 
northern hemisphere), then elementary co-ordinate transformations lead to 


k, = k, cos 6 cos I + k, sin I. (19) 


If (11) is adopted, as previously suggested, the imaginary part of (19) is fixed 
at —iyg sin [/2C*. This is compatible with the resonance condition (18) only if the 


positive sign is chosen there, and if 
wo = y°¢?C ,? sin? [/2C4y,. (20) 


Thus, a required frequency of oscillation is established by the necessity of a 
suitable initiating disturbance of the atmosphere, and a resonant response of the 
observable electrons. The relation may be written somewhat more simply as 


w = C,2sin? 1/2H*y, (21) 
where H = C?/yg is the scale height of the atmosphere. 

Since equation (18) is to be used with the positive sign, it now combines 
unambiguously with (19) to give 

k, = 1/2H —k,K — 1/2H. (22) 
where K = cos 6 cot J. Finally, (22) may be introduced into (8) to obtain 
I,20? [1 + K? — (y — 1) g®/@C?] — kyygK + 7292/20? —o2 = 0, (23) 
which can be used to determine the horizontal phase speed, P,, = /k,. 

The three relations (21-23) constitute four real conditions which must be 
satisfied, if an initial disturbance of the type considered is to produce resonant 
motions of the electrons. They therefore provide four points of comparison with 
the observations, on which the theory can be tested. It will be noted that (22) 
and (23) contain parameters related to the atmospheric oscillations alone, whereas 
(21) contains parameters related to the electrons. Accordingly, (22) and (23) 
lead to the same order-of-magnitude estimates for k, and k, (though not necessarily 
to the same forms) as might be expected from any hydrodynamic wave theory 
of the disturbances, whereas (21) supplies a critical test of the electron resonance 
hypothesis. 

In later sections, these formulae will be applied to the interpretation of the 
large-scale F-layer disturbances. Before proceeding, however, it may be well 
to consider briefly the alternative conditions for resonance, which arise if (10) is 
adopted in place of (11). 

The resonance relation (16) combines with (10) to yield 

k, cos 0 cos I = ik, sin I = +(or,/2C,?)! 


and k,?C? [1 — K? — (y — 1) g?/w*C?] + kyygK — wo? = 0 
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in place of (21-23). These formulae will not be studied in detail here, but one 
interesting point may be noted. The scintillation of radio stars has been attributed 
to refraction effects in moving irregularities in the upper parts of the F layer. 
The irregularities appear to have moderate sizes (~5 km; k, ~ 10-? m~*) and the 
fluctuations occur on a moderate time-scale (~30 sec; w ~ 0-2 sec~!); the 
horizontal motion of the irregularities is transverse to the geomagnetic field. 
(See Hewisu, 1952; and Maxwett and Lirrie, 1952.) If the suggested values 
for k, and @ are introduced into (24), and if the tentative values », ~ 10? sec7! 
and O,? ~ 3.10! m?/sec? are adopted, it will be found that cos 6 must be less 
than 10-1, corresponding to the transverse motion actually observed. This 
agreement may be coincidental, however, for (25) leads to a C of approximately 
200 m/sec, which implies a thermodynamic temperature of the order 150°. Normally, 
a value ten times as great would be considered more representative for the region 
concerned. Another objection to the wave interpretation has arisen recently, 
for it is now reported that the relevant electron inhomogeneities are rather cigar- 
shaped, with axis along the geomagnetic field (SPENCER, 1955). This feature seems 
likely to fit a theory of electron drift more readily, and one such theory which 
satisfies the observed conditions has already been outlined (CLEMMOwW, JOHNSON, 
and Weekes, 1955). No further discussion of these irregularities, nor of the set 
(24) and (25), will be undertaken here. 


5. GENERAL COMPARISON OF THEORY WITH OBSERVATION 


The theory should be applied to individual disturbances in turn, if valid 


quantitative estimates are to be obtained. However, certain qualitative and order- 
of-magnitude predictions of the theory bear general comparison with the observa- 
tional data as a whole, and these will be considered briefly now. 

Carried to an extreme, the theory would imply that disturbances must have 
the circular frequency given by (21), if they are to be observed. In fact, of course, 
there must be a spread of frequencies in any finite disturbance. It may be that the 
resonance is so sharp that the effective spectrum is confined to a narrow band 
about the value (21), or it may be that the resonance provides only a moderate 
enhancement, tending to accentuate the appropriate disturbances. In the first 
case, the principal fourier component should comply with (21), and day-to-day 
variations in the observed frequencies should correspond to variations in C,, v,, 
or H. In the second case, (21) would be valid only as an order-of-magnitude 
relation when applied to the observations, and variations in the observed frequency 
would be expected in the normal course of events. 

The values C,2 ~3.10!° m?/sec?, H ~ 60 km, and », ~ 10? sec-! may be 
suggested as reasonable for the regions concerned. These, inserted in (21), lead 
to wm ~ 3.107% sec~! for middle latitudes, or to periods of the order of 30 min. 
This excellent agreement with the observed run of values lends strong support to the 
theory of electron resonance. 

Further support is obtained in the matter of vertical propagation, which is 
almost invariably directed downwards in practice. The 1/2H part of k,’, indicated 
in (22), provides an inherent downward component of progression in resonant 
waves. The remaining part —k,K increases the downward component of the 
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wave normal if the wave is travelling towards the equator, but it may decrease or 
reverse the downward component if the wave travels away from the equator. 
For low-frequency waves, which are the ones of interest here, no such reversal 
can occur if 

@ <@(K) = (y — 1) g/(l + KC. (26) 


The frequency (K) has a minimum for any given dip angle J, 
& (cot I) = (y — 1) sin J) g/C; (27) 


the vertical progression must be downward at any lower frequency. 

The base lines separating the observing stations are normally no greater than 
the horizontal structure size of the disturbances, and the range of heights under 
observation is no greater than the vertical structure size. In these circumstances, 
it is reasonable to interpret the observed progressions as phase front progressions, 
not as group progressions. The observed horizontal speed is then to be related 
to P,,(= o/k,), as determined from the relation (23). This relation is exhibited 
graphically in Figs. 1 and 2, for three assumed values of y (= 1-2, 1-4, and 1-6) and 
for three assumed values of the scale height, H (= 60 km, 75 km, and 90 km). 
Fig. 1 is plotted for K = 0, and so corresponds to east-west propagation at any 
magnetic latitude, or to propagation in any direction at one of the poles. Fig. 2 is 
plotted with AK = +0-577 for propagation with a horizontal component away from 
the equator (shown above the w, 7 axis), and with K = —0-577 for propagation 
towards the equator (shown below the axis); these conditions arise when the 
horizontal progression is along a magnetic meridian if J = +60°, and for propa- 
gation with azimuth 4 = are cos (-+-0-577 tan J) if J < 60°. When 60° < J < 90°, 
the curves would have some intermediate form, with the exact shape depending 
on K. The lightly drawn portions of the curves correspond to negative values for 
k,’, and so to upward progressions of the phase front; these conditions arise only 
when K > 0 and P, < 2KHam. Second branches of the various curves occur at 
somewhat higher frequencies, and continue towards a limit P, =C asw— «, 
but these branches are not of interest in the proposed application. 

The observed time-scales and horizontal speeds of the F-layer disturbances 
vary over a fairly wide range. While many exceptions occur, the limits 17-35 min 
and 60-300 m/sec give a fair general idea of the values normally found (PIERCE 
and Mrmno, 1940; Munro, 1950; and BRAMLEY, 1953). These limits are indicated 
by the rectangular boxes in Figs. 1 and 2. It will be seen that the theory leads to 
acceptable values, for y’s and H’s in the ranges employed. (All observations refer 
to regions where [| = 60°, while the azimuths 6 varied widely.) 

It may be expected that the observed progress of a disturbance over distances 
which are large compared with a wavelength would be governed by the horizontal 
group speed, 


G, = (de/0k,,) » —o = —(Of,/0k,)/(Ofo/ee). (28) 
From the calculation of (28), using fy from (8), and from the subsequent application 
of (22), it will be found that 


(y — 1l)g? — w?C? 
a es 29 
G, i 1)g? ee h ( ) 
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Electron resonance in ionospheric waves 


in resonant disturbances of the type under consideration. Moreover, low-frequency 
modes, such as those illustrated in Figs. 1 and 2, are subject to wm? < (y — 1)g?/C? 
and P,? < C?, so that G, is always less than P,. Consequently, resonant distur- 
bances should appear to move more slowly over long distances than they appear to 
move over short distances. This conclusion serves to explain the otherwise 
anomalous result reported by Prick (1955), that disturbances took a day to pass 
between western Australia and eastern Australia, whereas local measurements of 
their speeds would have suggested a travel time of only 10-13h. The ratio of 
horizontal group to phase speeds, given by the bracketed factor in (29), can often 
be of the order 1/2 for these disturbances. 


6. COMPLICATING FEATURES 


The theory will be applied, in the next section, to the detailed interpretation 
of one specific disturbance; but reference must first be made to certain complicating 
features. 

Significant tidal motions are known to occur in the lower ionospheric regions, 
and these almost certainly extend into the F layer. The formalism of Section 2 
applies only in a co-ordinate system in which the unperturbed atmosphere is at 
rest, and so only in a system which has the tidal motion. If the tidal velocity, 
which is assumed constant during the passage of any one disturbance, can be 
represented by a horizontal vector U), then simple doppler corrections apply. 
These lead to an observable circular frequency, 


wo =o+U,.k, = o(1 + U,. k,/o) (30) 
and an observable horizontal component of phase speed 
P,/ = P, + (Ug)p, = P,(1 + Uy. R,/0) (31) 


as measured from the ground. - 

Under tidal forces, the electrons will assume some steady velocity V), and the 
formalism of Section 3 should be referred to a co-moving system of co-ordinates. 
The w which appears in that section should therefore be replaced by 


wow” =o’ —V,.k=ow —(V, — Up). R. (32) 


If V, is horizontal, w” is real and the analysis of resonance can follow as before. 
The w in (16, 18, 20, 21, 24) should then be replaced by w”, while that in (23) 
and (25) is correct as it stands. A particularly simple case arises if, due to the 
accumulation of polarization charges, V, and U, are essentially equal. In that 
case, wm” and w are essentially equal, and no formal revision is required in any of the 
foregoing sections when referred to the moving co-ordinates. This situation will 
be assumed to occur in practice. 

In addition to the tidal effects, vertical inhomogeneities exist in the unperturbed 
temperature and electron distribution of the ionosphere, and these should be 
taken into account in the theory. In extreme cases, they might require a 
completely new approach to the problem of resonance, but normally they can be 
treated by perturbation methods. The development is somewhat complicated, 
and will not be attempted in this introductory paper. 
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Besides their effect on the resonance conditions, inhomogeneities in the electron 
distribution have a direct bearing on any wave interpretation of the observations. 
Their consequences in this respect are more simply treated, and probably more 
serious, so they warrant consideration at this point. 

The linearized conservation equation 


ON/ot + div (N)V) = 0 (33) 
leads to the expression 
N — N, =o \(Nok +1 grad Ny). V (34) 


for oscillatory perturbations in the electron density NV, when the assumed expo- 
nential form of variation is applicable. Since V lies nearly along B, in the circum- 
stances at present of interest, and since grad JN, lies essentially along g, (34) can 
be replaced by 

N —N, =o 'sin 1[N,(k, + kK) +4 grad, NolV;. (35) 


Finally, if the resonance condition (22) is applied, and if attention is confined to 
the part of the F layer below the ionization peak, then (35) becomes 


N — N, = o~!sin I[(1 — i)N,/2H — i|grad N,|1V, . (36) 


for resonant disturbances. 

The observational data must be related to changes of electron density, in 
principle, and only incidentally to electron velocities. The theoretical variations 
contained in (36) are therefore of greater significance than the purely exponential 
variations previously considered in U and in V. The exponential is implicit in 
the V, factor of (36), of course, but vertical variations in the bracketed factor are 
superimposed, and these must be taken into account. In passing, it may be noted 
that the bracketed factor always contributes a downward component to the 
apparent progression of the disturbance. 


7. DETAILED APPLICATION TO A SPECIFIC F-LAYER DISTURBANCE 


Any detailed application of the theory of electron resonance depends on 
observations throughout some range of heights, in addition to the more usual 
observations made at horizontally spaced stations. Only one travelling distur- 
bance, reported by Munro (1950), has been described in sufficient detail to permit 
the full analysis. Unfortunately, it is not a typical disturbance, in that its apparent 
period borders on the upper limit of the values normally obtained. Nevertheless, 
its theoretical analysis should be instructive. 

The variation of amplitude with height will be considered first. The electron 
density is plotted as a function of time, for eight different heights, in MuNnrRo’s 
Fig. 4. The maximum and minimum values were read from these plots, and 
interpreted in the form VN, + N — N, as indicated in Table 1. Revised values, 
also presented in Table 1, were obtained by plotting the original values graphically, 
drawing smooth curves through them, and reading from these curves at the 
appropriate heights. The tabulated values of grad N, were derived from the 
smooth curve of NV, versus height. | 
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The theoretical height variation of V — Ny) was obtained from equation (36), 
after introducing N, and |grad N,| from Table 1. The calculation was made for 
three representative values of the atmospheric scale height, H = C?/yg = 60 km, 
75 km, and 90 km, these values being inserted in turn both in the bracketed 
factor of (36) and in the exp — yg . r/2C? factor implicit in V,. The ratios of the 
observed to the calculated values of N— Ny were obtained for the various 
heights, and normalized to a mean value of unity, for each assumed value of H. 
The results are displayed in Fig. 3, with a nominal probable error of -- 0-1 indicated 
by horizontal strokes. 
Table 1 





; Observed Revised Revised 
Height (km) | Wo Li Ny | loin) N 


o t|N —Nyg| (cm-) | grad Ny| (cm-*) 


~I 


1-43 + 0-22 x 108 1-41 + 0-23 x 106 0-035 
1-33 + 0-25 1-34 + 0-24 0-078 
1-24 + 0-23 1-24 + 0-24 0-119 
1-10 + 0-24 1-10 + 0-24 0-142 
0-97 + 0-24 0:96 + 0-23 0-149 
0-80 + 0-20 0-82 + 0-21 0-137 
0:70 + 0-20 0-69 + 0-18 0-116 
0-57 + 0-11 0-58 + 0-13 0-093 


=> 


bo bo bo bo bo bo bo bo 
Sew we or 
ooooocoo;°o 





In theory, the calculated ratios should be independent of height, in spite of 
the two-to-one range in the observed NV — Ny. This ideal condition is achieved 
within the nominal error in the case of H =75 km, and very nearly in the case 
of H = 90km. The value H = 80km + 15 km may be suggested from these 
results. 

The sinusoidal deviation from the mean, apparent in Fig. 3, might result from 
errors introduced in the original scaling of the records. The scaling process, which 
is never exact, is subject to additional errors in the presence of a disturbance. 
In particular, the rays reflected at different heights were inclined at different 
angles to the vertical, and traversed different parts of the lower ionosphere, 
whereas the scaling theory assumes that all received rays travel along a single 
vertical axis. More refined methods of analysis must be developed, if complications 
of this sort are to be overcome. 

Similar comments apply to the vertical variation in the apparent phase of the 
disturbance. This variation can also be derived from Munro’s Fig. 4, and it also 
leads to an estimate of the scale height. A downward progression through 70 km 
occurs in a time interval of about 15 min: on Munro’s estimate of the apparent 
period, 7’ ~ 50 min, this indicates a phase lag of 108° at the 200-km level relative 
to the 270-km level. Of this amount, approximately 20° would result from the 
phase variation of the bracketed factor in (36), if H were anywhere in the range 
30-120 km, and if N, and |grad N, had the tabulated values. The remainder, 
about 90° in 70 km, must come from the phase variation in V;, and this leads to the 
conclusion k,’ ~ 0-022 km-!. (A half-table treatment of the data, using four steps 
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of 40 km rather than one step of 70 km, gives values for k,’ ranging from 0-017 km~! 
to 0-026 km~!, with a mean of 0-0225km~1.) Munro’s observations imply a 
horizontal wavelength of about 500 km, and so k, ~ 0-013 km~1. Further, the 
disturbance travelled nearly northward (cos 6 ~ 1-00) and the dip angle was 
about —60° (cot J ~ —0-58), so that —k,K ~ 0-0075. Equation (22) combines 
this value with that just obtained for £,’, to provide the estimate 1/2H ~ 0-015 km~}, ° 
and so H ~ 33 km. 

The discrepancy between this result and the one previously obtained is quite 
apparent, but it is perhaps not too surprising with an infant theory such as the 


HEIGHT (km) 














IN-Nolods 
12 IN-No|ca/c 





T aie T 
1.0 : Y J ‘ . 1.0 
H=60km H =75km H=90km 


Fig. 3. Comparison of observed and calculated amplitude variation with height, 
for one specific disturbance, with three trial values of scale height H. 


present one. In addition to faults of the theory and of the scaling process, which 
have already been mentioned, the graphical smoothing of the reduced data 
introduces a further source of error which is particularly critical in phase analysis. 
Indeed, when these points are considered, it may be felt that the excellent order- 
of-magnitude agreement between the two estimates for H provides a confirmation 
of the internal consistency of the theory in application. For the remainder of the 
analysis, an arbitrarily weighted mean value 


H ~70km (37) 


will be employed, though a possible error of 50 per cent or more must be admitted. 

The horizontal speed of propagation gives information of a different type. 
Mvuwro’s estimate, 10 km/min (~170 m/sec), is lower than would be expected 
for the observed period 7’ ~ 50 min (w’ ~ 0-0021 sec™?), if interpreted directly 
on the basis of the curves in Fig. 2. Agreement could be gained by postulating a 
value for y near 1-1, but such a low estimate might be difficult to justify. (Low 
values for y have been suggested previously in this same context, by Martyn 
(1950) and by Hives (1955), and Martyn has provided a tentative explanation . 
on the basis of dissociation effects in nitrogen molecules.) 

There is no need, in the present theory, to adopt such a low value for y. The 
apparent speed may result from the superposition of a higher phase speed within 
the atmosphere, and of a tidal or other horizontal motion of the atmosphere as a 
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whole. The doppler corrections (30) and (31) may be envisaged graphically as the 
displacement of an observed point on a P, versus w plot, either towards or away 
from the origin. In the present case, the bottom half of Fig. 2 is to be employed, 
since K ~ —0-577. An ambiguity exists because of the unknown y, but a working 
value of 1-4 will be assumed. The observed P,’ and w’ then project onto the 
appropriate theoretical curve if the southward component of the atmospheric 


motion is 


—(Uo)p, ~ 150 + 50 m/sec, (38) 


in which case 
w ~ 0-0038 + 0-0008 radians/sec (39) 


as measured in the moving system. The indicated errors are purely nominal. 

The atmospheric motion indicated by (38) does not seem unreasonable for a 
tidal wind in the F layer, but tidal theory is not yet complete. For future reference, 
it may be noted that the relevant observations were made at about 1300, in the 
southern hemisphere. 

The frequency provides the fourth and final point for comparison between 
theory and observation. As previously noted, its theoretical value is entirely 
dependent on the assumption of electron resonance, in contrast to the parameters 
which have just been considered. The latter, while dependent in form on the 
resonance hypothesis, have actual values similar to those which might arise in 
other developments of the original atmospheric wave hypothesis. 

It will be assumed that V, = U,, so that (39) can be inserted directly in (21). 


There results the relation 
C2/v,~5 xX 107 m*/sec, (40) 


which can be replaced by 
T,/v, = 2 sec (41) 


if the electrons are taken to behave as a monatomic gas (y, = 5/3) with thermo- 
dynamic temperature 7’,. 

Theoretical curves have been given by NIcoLeT (1953), relating temperature 
and collision frequency of electrons in the F layer. The curves vary with electron 
density, and in Munro’s observations the electron density varied from about 
0-5 x 10° cem-3 to about 1-5 x 10®cem-3; hence a new source of error would be 
introduced in any comparison. The ambiguity is no greater than that which has 
already been introduced, however, and NIcOLET’s results will be applied with 
N, ~ 10%°cem-%. Equation (41) is compatible with his corresponding curve only if 


T, ~ 1600° (42) 


e 


vy, =~ 800 sec—!. (43) 


Both of these estimates are entirely satisfactory for the heights concerned, in 
spite of the many potential sources of error which have entered the analysis. 

One final check on internal consistency may be applied, if it is accepted that the 
atmosphere and the electrons have the same thermodynamic temperature. The 
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scale height of 70 km corresponds to the temperature of 1600° when the mean 
molecular weight is about 20. Such a value is consistent with a suggestion that 
oxygen is wholly dissociated, and nitrogen not, but it is inconsistent with a 
suggestion that both are wholly dissociated. Unfortunately, the possible errors 
in the analysis are far too great to press the distinction, but the general agreement 
with expectations is certainly worthy of note. 


6. CONCLUSION 


There is good reason to believe that the large-scale travelling disturbances 
detected in the F layer are observationally selected from a far greater number 
which actually do occur, and that the selection results from a resonant motion of 
the observable electrons. Using an approximate development of the relevant 
theory, it is possible to account qualitatively for certain of the characteristics 
normally observed. 

A quantitative comparison of the approximate theory with one particular 
disturbance leads to estimates for the atmospheric scale height, the atmospheric 
tidal motion, the electron collision frequency, the temperature, and the atmospheric 
mean molecular weight. In spite of the approximations, all these estimates agree 
quite well with the values to be expected in the ionospheric region concerned. 
It is evident that, with an improvement in the accuracy of the theory, the study 
of large-scale disturbances may well provide a new and extremely good method of 


determining many ionospheric parameters. 
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Two types of development of the £2 layer 
at Ahmedabad 


(Received 6 March 1956) 


Soon after the installation of the ionospheric recorder at Ahmedabad in January 1953, it was 
noticed that the P’-f records showed kinks in the reflection traces, characteristic of a 
maximum of ionization between the normal # and FJ layers of the ionosphere. An 
examination of these records showed that they were due to two intermediate layers (called 
El and £2), having heights of maximum ionization at about 125 km and 140 km. These 
layers showed the properties of normal ionospheric layers formed by photoionization by 
solar radiation. An account of them has been published (Rastoet, 1954). 

BeEcKER and DIEMINGER (1950a,b) have described the occurrence of an H2 layer at 
Lindau. They concluded that the #2 layer was a continuous thin homogeneous layer and 
that it might be caused either by short-wave radiation or neutral corpuscles from the sun. 

A different sequence of formation of an ionized layer at about 140 km has been described 
by McNicou and Gipps (1951). This layer separated out from FJ and formed an “E2” 
layer having properties similar to those of H and FJ. McNicot and Gipps designated this 
layer as Ess. SKINNER, BRown, and Wricut (1954) described a similar formation of an E2 
layer from a ridge in the FJ layer at Ibadan. Recently, Sana and Ray (1955) have reported 
the occurrence of an 2 layer at Calcutta. According to them, the #2 layer first appears as 
a ridge in FJ. It then moves downwards and merges with the # layer. The phenomenon 
was most usually observed at about 1300 local mean time. As the features of the #2 layer 
have been carefully watched during the last three years at Ahmedabad, which has about the 
same latitude as Calcutta, a summary of our observations at Ahmedabad may be of interest. 

The £2 layer at Ahmedabad first appears in the morning before ground sunrise. It 
shows itself first as a group retardation in the F reflection, then weak echoes appear from 
a layer below F, and these subsequently get stronger. The #2 layer develops after the F2 is 
affected by sunrise, but before the appearance of the Z layer. Both the ordinary and extra- 
ordinary components of reflection from £2 are regularly observed. With increasing altitude 
of the sun, the ionization of the layer increases. These facts show that the #2 layer is 
formed by photoionization by solar radiation just like the other normal ionospheric layers. 
However, the formation of £2 is often accompanied by the development of one more layer 
between it and the normal £. 

Fig. 1 illustrates the development of these intermediate layers in the morning hours on 
6 November 1954. The times of sunrise (75° E.M.T.) at different heights on that day are 
given below: 

Height Time of sunrise 
200 km 0520 
100 km 0536 
0 km 0621 
At 0545 there existed only the F2 layer; the record shows the extra-ordinary trace only. 
At 0600 the F2 critical frequencies had increased due to sunrise at these levels; both the 
ordinary and extra-ordinary traces are clearly recorded, and the extra-ordinary trace shows 
group retardation at 1-8 Mc/sec. At 0615 the extra-ordinary component of £2 reflection 
appears at a virtual height of 150 km, with a critical frequency of 2-2 Me/sec. At 0630 both 
the ordinary and extra-ordinary traces of H2 are clear, fyH2 being 1-8 Mc/see and h’H2 
130 km. At 0645 the extra-ordinary component of £2 shows group retardation due to a 
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lower layer at 2-2 Mc/sec. At 0700 the extra-ordinary component of 1 has become quite 
clear, and there is also evidence of group retardation at 1-8 Mc/sec. At 0715 both the 
ordinary and extra-ordinary components of EJ and E2 are clearly recorded. 

Occasionally, with the growth of the £ layer, the virtual height of the #2 layer increases 
to join the F/ layer or form a ridge in it. This happens at about llhr L.M.T. It then 
becomes difficult to distinguish the #2 layer from the ridge in FJ. The ridge in FJ later 
breaks from FJ towards the F layer, with the formation of a separate layer. The virtual 
height of this separated £2 continues to decrease after breaking from the FJ layer. The 
ordinary and extra-ordinary components can be seen separately. The critical frequencies 
generally increase if the breaking occurs much before noon, and decrease if the phenomenon 
occurs at about noon or in the afternoon. This again indicates a solar control of the £2 
layer. By evening the layer comes down to about 120 km and merges with EF or Es. The 
ordinary and extra-ordinary critical frequencies can still be distinguished by the start of 
the F/ trace. On evenings when there is not much Es, the E2 layer can be followed till it 
disappears with decreasing solar altitude. The Calcutta observers say that the merging of 
the F2 layer is followed by the formation of sporadic F ionization. 

Fig. 2 illustrates the formation of the #2 layer from a ridge in FJ on 20 October 1954. 
At 0800 £2 was at 125 km and its critical frequency 2-8 Mc/sec. By 0915 f,#2 has increased 
to 3-2 Me/sec and h’'E2 to 165 km. After this stage, H2 almost joined up with the FJ trace 
and appeared as a ridge in the FJ layer. Later, this ridge in FJ again broke to form an £2 
layer, and its virtual height decreased with time. At 1145 there again appeared a ridge 
(as a slight break in the virtual height, but more in the amplitude of the trace) in FJ. 
At 1200 this ridge broke from FJ and formed an £2 layer. The virtual height of #2 con- 
tinually decreased, till at 1600 it descended to the height of the normal EZ layer and merged 
with sporadic Z. This phenomenon too is generally accompanied with the appearance of a 
layer E] between E2 and the normal F layer. 

It has been also observed that on certain nights there exists a layer at about 150 km, 
showing characteristic group retardation near its critical frequencies. 


SUMMARY OF THE OBSERVATIONS AT AHMEDABAD 


The sequence of phenomena leading to the separation of the £2 layer in the morning 

hours after high-level sunrise indicates the presence of certain atmospheric constituents in 
the neighbourhood of 150 km which are photo-ionized by the solar radiation. Further, the 
frequent appearance of a stratified ionized layer at 150 km during night indicates that there 
exists a sensitive and stable region for the formation of an ionized layer at about 150 km 
over the tropics. 
Acknowledgement—The work described is part of the programme of ionospheric research 
carried out in this laboratory with financial assistance from the Council of Scientific and 
Industrial Research (India). The author is indebted to Professor K. R. RAMANATHAN for 
his keen interest and guidance. 


R. G. Rastroer 
Physical Research Laboratory, 
Ahmedabad, India. 
REFERENCES 
Brecker W. and DiEMINGER W. 1950 Naturwissenschaften 27, 90. 
Brecker W. and DreEMINGER W. 1950 U.R.S.I., Proc. Commission on Ionosphere, 


Second Meeting held in Brussels, p. 126. 


McNicot R. W. E. and Grpps G. DE 1951 J. Geophys. Res. 56, 24. 
Rasrtoat R. G. 1954 Proc. Ind. Acad. Sci. 40, 158. 
Sawa A. K. and Ray 8. 1955 J. Atmosph. Terr. Phys.'7, 107. 
SKINNER N. J., BRown R. A., and 1954 J. Atmosph. Terr. Phys. 5, 95. 


Wricut R. W. 











See peeneeere.e 








Tiiutis. 


* oo a a See eee ew : TIyerercrt=eee 
eee ea Hh se se oa ae a 


obanannundl 
hbibabiiii 


<eeRe 8 


nr _ SSOSReRszsees 


> ae 
"Peeee ‘San. 


wo 
o 
a 
Ww 
ca 
= 
Ww 
> 
O 
Zz 
Ne) 


Reha er os 


athe 


wees 2 SS Se eel 





20 OCTOBER 1954 








tent 


e 
Ct re 
ee me eS 











Journal of Atmospheric and Terrestrial Physics, 1956, Vol. 9, pp. 73 to 89. Pergamon Press Ltd., London 


Resonance scattering by atmospheric sodium—I 
Theory of the intensity plateau in the twilight airglow* 


JosEPH W. CHAMBERLAIN 
Yerkes Observatory, University of Chicago 


(Received 2 May 1956) 


Abstract—CHANDRASEKHAR’S theory of radiative transfer is applied to the twilight airglow. The theory, 
which is most applicable to the region of the intensity plateau, is developed for comparison with measure- 
ments of the absolute brightness, the variation of brightness during twilight, and the intensity ratio 
D,/D,, to obtain the number of Na atoms per cm? (column). Numerical results are presented for a 
layer scattering solar D-line radiation and observed in the zenith or at zenith distance 75°. The effect of 
diffuse reflection of the D lines by the ground is also evaluated approximately. 

Some of HunTEN’s observations during winter give absolute brightnesces that are slightly greater than 
the maximum values predicted by the theory. Means of reconciling this discrepancy are discussed. 
It is tentatively concluded on the basis of theory-observation comparisons that the abundance of Na 
varies between 10° (summer) and nearly 101° (winter) atoms/cm? (column). It is suggested that the 
D,/D, ratio may be the most reliable means of determining winter-time values of the abundance. 


1. IyTRoDUCTION 


In a recent paper, DONAHUE and Resnick (1955) have aroused interest in self- 
absorption of the D lines in the Na layer during twilight. They presented an 
approximate theory for self absorption that is applicable for strictly monochromatic 
radiation, to illustrate that the effect could have an appreciable influence on the 
intensity of the observed radiation. Later, DoNAHUE, REesNicK, and STULL (1956) 
reported briefly on additional calculations taking account of the line profile and 
reflection at the ground. 

HunNTEN (1956a) has also carried out extensive calculations, considering a 
range of Na optical thicknesses and integrating over the line profiles to obtain 
total line intensities. His calculations were performed for a single solar-depression 
angle, with the aim of comparing theory with the absolute brightness on the 
plateau of the intensity curve and the D,/D, ratio. 

DONAHUE et al. and HUNTEN recognized that multiple scattering should be 
included in the theory, but did not themselves consider it. In this paper a theory of 
resonance scattering for the sodium layer will be presented, on the basis of 
CHANDRASEKHAR’S (1950) theory of radiative transfer, in which secondary and all 
higher-order scattering processes are included. If the problem considered contains 
a certain amount of symmetry, the solution obtained by appeal to the more 
powerful techniques is not only more accurate than can be obtained from a simple 
theory of resonance absorption, but because the exact solution can be simply 
expressed in terms of certain X and Y functions already tabulated (CHANDRA- 
SEKHAR and ELBERT, 1952), the analytical and numerical solution of the problem 
is often simplified. 

In the problem at hand this happy state of affairs is modified by two factors: 
Firstly, the solution for the monochromatic intensity must be integrated over the 
line profile, and we have carried this out by laborious numerical techniques. 

* The research reported in this paper was supported in part by the Geophysics Research Directorate 


of the Air Force Cambridge Research Center, Air Research and Development Command, under Contract 
AF 19(122)-480. 
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In the meantime, HunTEN (1956b, Paper III of this series) has shown that for 
small optical thicknesses one might use 1/2 of the absorption coefficient at the 
line centre as an effective coefficient for the entire line. This effective coefficient is 
used here for an evaluation of the effect of ground reflection. For any additional 
calculations on these problems, HuNTEN’s approximation should probably be 
adopted. Such approximate calculations could be compared with those in this 
paper for checks on the accuracy and to put the computed intensities on an absolute 
scale when necessary. For the Na optical thicknesses that we find in the atmo- 
sphere, it should be permissible to use his approximation for the twilight plateau 
and greater angles of solar depression. 

















Fig. 1. Idealized atmospheric layers. The dashed lines show plane-parallel lavers I, II, and III, which 
g I ; dash« ane-] , , II, 
represent an approximation to the spherical atmosphere. 


Secondly, in order to handle the twilight problem we must approximate the Na 
layer by plane-parallel layers (see Fig. 1) and then suppose that the plane-parallel 
layer ITI is essentially infinite in horizontal extent. In effect, this model is equivalent 
to postulating a thin layer (i.e. thin linearly, not necessarily optically). Also, we 
suppose that a parallel beam of radiation is falling uniformly on layer III. Hence 
we might examine the limitations that our model imposes on our final results. 

For a thin or plane-parallel layer, the incident solar radiation would undergo 
maximum absorption precisely at sunset. However, DonanuE and RESNICK 
(1955) showed that for an exponentially decreasing density in a spherical atmo- 
sphere, the scattered intensity in the centre of D, would be a minimum at about 
35° past sunset (for 2 « 10!° atoms—smaller abundances give smaller angles). 
In the wings of the lines this angle is smaller, but it is clear that very near sunset 
the present theory is inexact. (In terms of Fig. 1, the theory breaks down when 
the angle / is so small that an appreciable fraction of the radiation falling on 
layer III comes through layer II instead of I.) 

The postulate of a uniform, parallel beam of incident radiation is not seriously 
contradicted by the finite size of the sun (} degree radius), but at large angles £, 
the incident radiation must pass through the lower atmosphere, which produces 
nonuniform extinction. This effect starts to become important for 6B ~ 8° (where 


74 





Resonance scattering by atmospheric sodium—I 


the transmission is about 80% for a Na layer at 85 km) or at smaller angles when 
ozone absorption is considered. At larger angles the radiation falling on the 
observed Na layer may vary so rapidly over the height of the layer as to cause 
appreciable errors in the computed intensity. 

For the same reason, the theory is not applicable to the usual zenith-horizon 
comparisons to deduce information about screening heights. The essence of the 
zenith-horizon method is that extinction of the incident solar beam by the lower 
atmosphere will produce a nonuniform horizontal illumination of atoms at a given 
height. Hence the observed intensity will depend on the relative horizontal 
positions of the observed atoms—i.e. on the zenith angle of observation (unless the 
azimuth is 90° from the sun). (This effect is, of course, in addition to the ordinary 
increase of intensity with sec 6, owing to the increase in the observed path-length.) 

We have assumed isotropic scattering throughout, although, strictly speaking, 
resonance-scattered light may be slightly polarized, and the different polarization 
components, obeying different scattering phase functions, should be treated 
separately. In the case of the Na lines the intensity should be given quite accurately, 
however, in the isotropic approximation (see CHANDRASEKHAR, 1950, pp. 50-52). 
Also, BricarpD and KastLerR (1950) have found observationally that although 
the twilight radiation is polarized (substantiating resonance scattering as the 
excitation mechanism), the amount of polarization is only a few per cent. Hence 
the total intensity of the two polarization components should not differ greatly 
from the case of unpolarized radiation scattered isotropically. 

We might comment on one additional approximation: Secondary scatterings 
within layer III are fully accounted for, but the radiation absorbed from the beam 
in passing through layer I is presumed lost. Actually, some scattered radiation 
from layer I will fall on layer III. However, in a spherical atmosphere the observ- 
able sunlit Na layer subtends a small solid angle, as seen from a point in layer IIT. 
Hence the total radiation scattered from distant points in the atmosphere will be 
small. In the Appendix the contribution of this scattered radiation is shown to be 
negligible for 6 > 4 degrees; moreover, this approximation tends to compensate 
for the slight error introduced at small angles by neglecting the curvature of the 
atmosphere. 

To summarize, the theory developed below can be expected to hold quite well 
in the general region of the plateau (4 to 7 degrees); beyond this region the accuracy 
of the results probably diminishes. 


2. TERMINOLOGY 


We define the following symbols for later reference. 

Angles (see Fig. 1): 96 = polar angle in the scattering layer III measured from 
6 = 0 for the downward direction (the azimuthal angle ¢ disappears from the 
equations for an axially symmetric transfer problem); 6) = polar angle of the 
incident solar radiation; (6 = (angle of solar depression at the point in layer III 
being observed) = 90 — 6); ¢ = observer’s zenith angle for the point being 
observed, which is related to 6 by the van Rhijn relation, 


Rsin (= (R +h) sin 8, (1) 
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where RF is the radius of the earth, h is the height of the Na layer; « = angular 
distance at the earth’s centre from the observer to the point being observed 
= ¢ — 6 (the angle « + # is the angle of solar depression for the observer if the 


point observed is at the same azimuth as the sun); uw = cos 4; My = cos Oo. 
t,(z) = (monochromatic optical thickness normal to the layer, measured from 


a 


the bottom of the layer) = | n(z)x, dz. Here z is height in the atmosphere, n is the 
v7 0 
density of Na atoms, and «, is the absorption coefficient per atom at frequency ». 


7, = (total optical thickness of the Na layer at frequency v) = t, (0) = Na,, 
where XN is the total number of Na atoms in a vertical column of 1 em? cross-section. 

I,(t,, 4) = specific intensity for monochromatic radiation in direction 
§ = cos"! uw and at depth ¢, in the layer. J, is the rate of flow of radiant energy 
across unit area normal to the beam and into unit solid angle per unit-frequency 
interval. Its units are quanta/cm? sec sterad sec™!. 

T,(0, +) = emergent specific intensity at the bottom of the layer. 
T,(0, +) denotes the emergent intensity neglecting all secondary scattering. 
7, (0, +) is the intensity obtained by ignoring all self-absorption of the 


incident beam. 
I(t), +) = (integrated specific intensity at the bottom of a layer having a 


 @) 


total optical thickness 7) in the centre of the line) =| I,(0, +) dy. Hence 


0 
JI (7), +) is equivalent to the observed surface brightness in the light of one 
line, after the observation is corrected for absorption and scattering of the emergent 
beam by the lower atmosphere. 

af, = monochromatic radiant flux of sunlight at one astronomical unit from 
the sun in quanta per unit area normal to the beam per second per unit-frequency 
interval.. F, is the “equivalent mean intensity’? which would produce the same 
flux if distributed over a hemisphere. We let 7F, = monochromatic flux’ in the 
solar continuum in the region of the D lines and F, = rF,, where r is the central 
intensity in the solar absorption line relative to the continuum. Also, 7F, is the 
flux incident on layer III; i.e. 7¥, is the solar flux 7F, diminished by passing 
through layer I and through the lower atmosphere. 

It has not usually been the practice in the past to express the twilight emission 
in units of quanta/cm? (column) sec, which has often proved so useful in nightglow 
and auroral analyses. Consequently, in this paper I have not used the rayleigh, 
which was recently suggested by HunTEN, Roacu, and CHAMBERLAIN (1956) as a 
replacement for the ambiguous quanta/em?(column) sec. However, observers 
wishing to place all the photometric data on the same scale have only to multiply 
the emergent intensities (surface brightnesses) in this paper by 47 x 10-® to 
convert to rayleighs. 

3. THEORY FOR SINGLE SCATTERING 

With the fundamental quantities defined above, we first consider the problem 
neglecting secondary scattering. At depth ¢t, in layer III the incident flux is 
aF, exp (—t,/m)), and the amount of radiation scattered from 1 cm? per steradian 
is {Ff exp (—t,/u)n(z)a,. Therefore, a thin vertical cylinder of unit cross- 
section and height dz will contribute to the emergent radiation in direction yu 
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Fo dt, 
an amount dI, (0, +) = - @—'lH9 g—ble me (2) 


where the second exponential allows for attenuation of the beam on its way out of 
the layer. (Incidentally, this factor is neglected in the treatments of DonaHUE 
and Resnick and of HunTEN; it has appreciably different effects on the zenith 


and horizon intensities. ) 
Thus the total emission at the lower boundary, from radiation scattered only 


once, is 
; 4 (mu + My) 
If we consider the attenuation on the incident flux produced by layer I, 
FO = Fenmho, (4) 


where we neglect for the moment the attenuation produced by the lower atmosphere. 
Expanding equations (3) and (4) for small values of 7,/), we find 


(5) 


which is the ordinary formula for the intensity when all self-absorption is ignored. 
Integrating equation (5) over the line profile, we have, since F, = F,r, 
F rN ne? 


ON Piha eat (6) 


where f denotes the oscillator strength for the line and the other symbols are 
conventional. For the total intensity of D, and D, we have 

F ze? N 
2 4me iu 


FR, (rufy + refs) = 7-15 x 10-2N Jy. (7) 

The numerical value in equation (7) employs the following data: F, = 205 
quanta/cm? sec sec"! is obtained from MINNAERT’S (1953) value of the flux at the 
solar surface, where a reduction factor of (radius of sun/radius of earth’s orbit)? = 
2-15 x 10-°is applied. We adopt 7, = 0-058 and r, = 0-052 from SHANE’s (1941) 
measurements at the centre of the disk. Although there is some uncertainty in 
the absolute values of these central intensities of the solar D lines, especially when 
averaged over the entire disk, the ratio r,/r, = 0-90 agrees well with the value of 
0-88 obtained by HuntTEeNn (1956a) from PRIESTER’S (1953) measurements at 
various points on the solar disk. The oscillator strengths f, = 0-33 and f, = 0-65 
are from ALLEN (1955). 

HuntTen (1956a) quotes the maximum (plateau) intensity in the twilight 
zenith as averaging about 3-0 x 108 quanta/cm? sec sterad in winter. By equation 
(7) this brightness indicates N ~ 4 x 10% atoms/cm? (column). Results of this 
first-order theory are illustrated by the dotted line in Fig. 4, below. 

We might also write equation (7) in terms of the optical thickness in the centre 
of the D, line, 7)(D,), by means of 

21-3 x 10-UN 
ra D;) = Neg(D;) = ~~" 


Jul (8) 
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The numerical value of %(D,) is based on the oscillator strength quoted above. 
We adopt 7 = 200°K and find for the total intensity of the two lines, 


IG = I M74, +) + 49 (Sry, +h) = 4:7 X 10%ro/p. (9) 


4. RADIATIVE-TRANSFER TREATMENT FOR ZERO GROUND REFLECTION 


The exact solution for the plane-parallel problem we have formulated above 
has been obtained by CHANDRASEKHAR (1950, p. 211) for zero ground reflection: 
” (0) 7 (0 
F, Fo) Uo 


[,(0, +h) = S(u, Mo) = — 


” 2k €: _. xy 7 38 
ri Fa cao (U)X* (Mo) — Y*(u)¥*(uo)}, (10) 


where S(w, up) is the “‘scattering function,’ defined by the left-hand equality. 
CHANDRASEKHAR relates S to the X and Y functions, which are obtained by 
solving an integral equation. Here X* and Y* are the X and Y functions appli- 
cable for conservative scattering; values of these functions have been computed 
for 0-05 <7, < 1:00 and 0 < yw <1 by CHANDRASEKHAR and ELBERT (1952). 
For smaller values of 7, we have computed J, from equation (3) and smoothed the 
results slightly so as to join equation (10) at 7, = 0-05. CHANDRASEKHAR (1950, 
p. 217) shows that for small values of 7,, X*(u) ~ 1 and Y*(u) » exp (—z,/u); 
with this approximation, equation (10) agrees with equation (3). 
With F, given by equation (4) we have 
F Ug Oy 


I(t, ty) = Fie a | e~ 7w/Mol X*(u)X*(uy) — Y*(u) Y*(uo)] dv. (11) 
( 9) J0 


Our procedure has been to integrate this equation by Stmpson’s rule for various 
combinations of uw, uy, and t,. The integrand can be readily evaluated as a function 
of 7,, which is then related to 7) and v — » on the assumption of pure Doppler 
broadening at 200°K. Thus, 7, =7,) exp (—2?), where x = c(v — %)/mU and 
U = (Fi Ry*. 

The results are presented in Figs. 2 and 3. The total intensity of the two lines, 
I(t), +) + 4(4379, +), has been corrected for extinction of the incident beam 
by the lower atmosphere according to HunTEN’s (1954) theory for an assumed 
layer height of 85 km, as indicated by HuNTEN and SHEPHERD’S (1954) data. 
(Ozone absorption, which is highly variable, reflection, and the finite diameter of 
the sun have been neglected, since the present theory does not hold anyway for 
large amounts of extinction by the lower atmosphere.) Although they did not 
consider resonance absorption and scattering in deducing this height, it is not 
likely to have much effect on the relative intensities on the nightward side of the 
plateau—the region of importance in height measurements. Nevertheless, should 
one wish to modify Fig. 2 to a different height, it is merely necessary to alter these 
transmission factors. For 85 km the transmission is 98% at Bp = 6-9°; 93% at 
7°5°; and 79% at 8-0°. 

No corrections for extinction by the lower atmosphere have been applied 
to the emergent intensities. Comparisons of theory with observations require that 
the latter be reduced to intensity “‘outside the atmosphere.”’ 
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5. Errect or GRouND REFLECTION 


If the albedo of the ground is sufficiently high and the Na layer has a sufficient 
optical thickness, it is conceivable that considerable D-line radiation could be 
trapped in between and add appreciably to the observed brightness. 

The twilight illumination of the sky is highly nonuniform, but since the 
corrections for ground reflection are small, we may obtain approximate values by 
again postulating a plane-parallel layer, illuminated uniformly the same as at 
the observed point. CHANDRASEKHAR (1950, p. 270) has solved the problem for 
ground reflection according to LAMBERT’S law and for an albedo of A). 
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Fig. 3. Intensity ratios of D,/D, versus angle of solar depression. The different curves are for the 
labelled values of 7)(D,). Owing to curvature of the atmosphere, the ratios at the smaller angles 8 may 
be somewhat less than given in the figure. 


If we let /(0 


+) be the emergent specific intensity for no reflection (A, = 0) 
and /*(0, 


+) be the same for a finite albedo, the solution is 


8 
I*(0, +u) = 1(0, +4) + J, (4) : 
bu 
where J, is the intensity reflected upward at the ground and 
Pa 


8(u) = 3 | Sm, Mo) du = {1 + 3 Q(a, + Py)[X(u) + Y(w)]}. (13) 


The constants Q (which is always negative), «,, and #, are tabulated as functions 
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of + by CHANDRASEKHAR and ELBERT (1952). Then J, may be related to the 
downward normal flux incident on the ground and to 4. This procedure gives 


PO +e) 4A 8( My) (4) 


: ==) - = : 14 
70, +H) (1 — A) Sus, oy) “ 


where s = 1 + Q(a, + /,)? has also been tabulated. 

The correction factor (14) is thus a function of the four variables , vy, 7, and Ap. 
Detailed calculations for the present problem have shown, however, that the 
results are quite insensitive to uw and pp. 

Adopting Hunten’s (Paper III) approximation, tT. = 7/V2, we can obtain 
the correction factor for a single line. Results for 2, = 0-15 (applicable to average 
ground conditions in the absence of snow) and 4, = 0-75 (for a snow-covered 
terrain) are given in Table 1. 

Table 1. Intensity correction factors 
arising from ground reflection* 





I*(0, + w)/I(0, +p) 


Ay = 0-15 Ay = 0-75 


0.05 1-006 1-034 
0-10 1-012 1-067 
0-15 1-018 1-099 
0-20 1-023 1-128 
0-25 1-207 1-158 





* The table gives average values for the range of solar-depression angles, 3° < 6 < 9°, and for 
observations in the zenith and at € = 75°. Individual values in this range are always very close to the 
values quoted compared with the differences between successive entries versus Terr. Correction factors 
refer to a single wavelength or to one entire line, where Terr is the effective optical thickness of the layer 
for the entire line. 

To find the correction factors for D, + D, and the ratio D,/D, we have 


applied the corrections individually to the accurately computed line intensities. 


Table 2. Effect of ground reflection (Ag = 0-75) on observed total 
brightness and doublet ratio* 





D,* + D,* —-D,*/D,* 


Ds, : 
T9(D2) B+ DB, D,/D, 


0-04 1-02 1-01 
0-08 1-03 1-02 
0-16 1-06 1-04 
0-32 1-11 1-07 





* The table gives approximate correction factors for the total intensity (D, + D,) and the ratio 
(D,/D,) as a function of the optical thickness at the centre of D, when the ground is snow-covered. 
The correction factors are essentially independent of 4 and jy and are nearly linear with ground albedo /,. 


Again there is almost no variation with jo, although the changing D,/D, ratio with 
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My might be expected to alter the overall correction factors by weighting the two 
lines differently. These results are shown in Table 2. 


6. Discussion or RESULTS 


Comparison of zenith and horizon results. As explained in Section 1, these 
computations are not strictly valid in the region where the atmospheric extinction 
is changing rapidly, and therefore do not apply to the problem of screening heights 
as deduced from zenith-horizon comparisons on the nightward side of the plateau. 
Here we compare only the intensities in the region of the plateau. It is seen from 
Fig. 2 that for the larger optical thicknesses the horizon intensity falls slightly 
below that for the zenith, after correcting for the sec 9 = 1/u factor. This decrease 
is a result of increased self-absorption for a beam emerging from the layer at large 
angles. 
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Fig. 4. Absolute zenith and horizon intensities of D, + D, at B = 6-5° versus Na abundance N 

for zero ground reflection. The dotted curve shows the result of the simple theory, neglecting resonance 

absorption, from equation (7). The solid and dashed curves give the more accurate results from Fig. 2 
and equation (11). 


Absolute intensity at Pp = 6-5°. In Fig. 4 we plot the total intensity of the two 
lines for zero ground reflection versus V, the Na abundance, where 7,(D,) haz been 
related to N by equation (8). The considerable difference between the simple 
theory neglecting resonance absorption of the incident beam and the transfer 
theory is obvious; but the curves are similar to results of HUNTEN’s (1956a) 
theory, which neglected secondary scattering. 

In comparing Fig. 4 with HunTEN’s Fig. 3, it should be borne in mind that 
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we have adopted different values for the transition probabilities, solar flux, and 
D-line central intensities. Hence Hunren’s asymptotic straight line is about 
1-34 times that in Fig. 4. HuNTEN (private communication) has compared our 
results on the large-scale original of his Fig. 3: If the asymptotes are made to 
agree, we find that the effect of secondary scatterings is to raise the maximum 
intensity about 16% and shift the maximum to nearly twice the layer thickness. 
The theory for single scattering gives excellent results for N <5 x 109 
atoms/cm? (column). 

HUNTEN’S (1956a) measurements of the plateau intensity varied between 
0-5 x 108 quanta/em? sec sterad in summer and 2-5 to 3-5 x 108 in winter, with 
occasional results as high as 4-4 « 108. Interpretation of the summer results is 
unambiguous and indicates that the Na abundance drops to about 1 x 10° 
atoms/cm? (column). 

On the other hand, according to Fig. 4, some of the winter measurements are 
appreciably higher than the theory allows. Nor does consideration of reflection by 
a snow-covered ground completely eliminate the difficulty (cf. Table 2). 

On the assumption that the observations are correctly calibrated, we might 
speculate on possible sources of the discrepancy. 

The total vertical optical thickness of the lower atmosphere and the ozone 
layer for the D lines is about 0-1 in the absence of all dust and haze (see Roacu and 
MEINEL, 1955, Table 6). This atmosphere not only produces an exponential 
extinction on the observed beam, but some of the radiation from other directions 
can be scattered toward the photometer. ASHBURN (1954) has published tables 
computed from transfer theory of the scattered light from homogeneous emitting 
layers at various heights. In twilight the emission is far from homogeneous and 
horizon observations will be nearly unaffected by tropospheric and ozonospheric 
scattering. On the other hand, when observations are made in the zenith, much of 
the sky is relatively bright in the light of the D lines. We estimate roughly from 
ASHBURN’S tables that the measured zenith brightness will be increased by about 
10% for normal ground conditions and about 15% for a snow-covered ground. 
Hence, observations that are corrected for extinction but not for the scattered 
light may overestimate the intensity at the base of the Na layer by these amounts. 

Another possibility is that the average central intensities of the D lines, 7, and 74, 
are brighter than the values we have adopted (SHANE’S 1941 measurements at the 
centre of the disk). Actually the central intensities seem to increase away from the 
center and then decrease rapidly toward the limb (PRIESTER, 1953, Tables 5, 6, 6a). 
Allowing for limb darkening, ScrrmageR and HunTEN (1955) obtained weighted 
averages from PRIESTER’S data about 13% higher than the Shane intensities for 
the disk centre. Alternatively ScRiMGER and HUNTEN have measured the inten- 
sities for the entire disk directly and obtain slightly deeper lines than those of 
SHane. Also, since the central intensity may be quite different in plage areas, the 
average intensity for the disk in the line centres may vary with the amount of 
solar activity (A. K. PreRcE, private communication). 

One final factor that might alter the theoretical intensities of this paper is 
nonuniform geographical distribution of Na. Suppose that the amount of Na in 
layer I is less than in layer III; then the observed intensity will be increased owing 
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to the increased flux 7F, incident on layer III. From equation (4) we can 
evaluate the decrease in abundance in layer I required to raise F,, by say, 10%. 
Thus using HunTEN’s (1956b, Paper IIT) approximation, tT. = 7)/ V2, we find for 
Bp = 6-5° that Ary = 0-015. If7)(D,) ~ 0-16, the 10% increase in brightness of D, 
would require a 10% change in the relative Na abundance between layers I and III. 
(For D, the brightness would increase by only 5%.) 

Considerable fluctuations in the Na abundance from point to point in the layer 
may also be responsible for other effects: BLAMONT’s (1956; private communication) 
observations of intensity changes during twilight show considerable fluctuations, 
especially in November and December. Also, the “‘patchiness”’ of the Na nightglow 
could represent the Na distribution as well as an excitation pattern. Since sodium 
is apparently quite active chemically in the upper atmosphere, it does not seem 
unreasonable to suppose that geographical variations in the physical conditions in 
the Na layer will considerably influence the Na distribution through effects on the 
ionization and chemical equilibria. 

Thus we conclude that since the winter measurements are in the neighbourhood 
of the broad maximum of the brightness curve in Fig. 4 and an unknown correction 
to either theory or observations is apparently necessary, it is not possible to make 
an accurate estimate of the winter abundance, except to say that it is probably 
greater than 6 x 10° atoms/cm?. 

Variation of intensity. BLAMONT (1956) has reported on observations with a 
sodium cell of the D-line intensity variation. The measurements showed for the 
first time a decrease in intensity on the dayward side of the plateau. BLAMONT 
suggested that the decrease might be explained in terms of the ionization equili- 
brium of Na, which presumably changed rapidly near the time of sunrise and 
sunset. However, estimates of the ionization rate and recombination coefficient 
for Na suggest that the equilibrium would not actually change so rapidly (HUNTEN, 
1954; A. DALGARNO, private communication). 

The present calculations show, however, that the intensity will decrease on 
both sides of the plateau, because of extinction by the lower atmosphere on the 
nightward side and absorption by Na on the dayward side. 

A number of BLamont’s* twilight measurements, made at € = 75° and at an 
azimuth of 90° from the sun, have been compared with the theoretical intensities in 
Fig. 2. On the whole the observations for the months of November and December 
1955 are roughly similar to the computed curve for 7)(D,) = 0-08, but it must be 
emphasized that this is not an accurate abundance estimate. The observations 
vary considerably from day to day and, as mentioned above, a single curve may 
fluctuate noticeably so that it is difficult to know how it should be smoothed. In 
addition, a direct comparison between the present calculations and BLAMONT’S 
observations is not strictly valid, since his Na cell (BLAMoNT, 1953) tends to record 
the line centre (with the magnetic field turned off) where the absorption coefficient is 
greatest, and ignore emission in the wings. Potentially, the comparison of accurate 
relative-intensity curves may be an excellent means of ascertaining the Na abund- 
ance, when the response of the equipment is properly interpreted. 


* T am indebted to Dr. Buamont for very kindly putting a number of his most recent measurements at 
my disposal. 
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One additional feature of interest is that if the theoretical and observational 
curves are fitted on the plateau (say, 4 > 6 > 7°) the observational curves always 
fall off faster on the nightward side (6 > 7°) but fall off by different amounts from 
day to day. If these daily variations are real, they may arise from daily fluctuations 
in the abundance and vertical distribution of ozone (which was neglected entirely in 
the curves of Fig. 2). If this interpretation proves correct, the Na observations 
could provide a means for observing the ozone variability. 

D,/D, ratio. Some general remarks regarding Fig. 3 are in order. Since the 
D,/D, ratio is quite sensitive to errors in the computed intensities, the approximate 
theory in Section 3 does not give reliable results. Also HUNTEN’s approximation of 
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Fig. 5. Intensity ratios of D,/D, at B = 7-:5° and ¢ = 75° versus Na abundance for zero ground 
reflection, In the absence of attenuation of the incident beam by resonance absorption, the ratio would 
be 1:8. 


Tet = T/V 2 considerably underestimates the ratio for t>/4) > 1, even when used 
in conjunction with the accurate transfer theory. Physically, this approximation 
fails when such a large portion of the total emission is in the wings of the line, 
with the centre largely absorbed out, that the effective absorption coefficient for the 
observed emission is appreciably reduced (see table in Paper III). For this reason 
the zenith and horizon curves for large 7) converge toward small (small jj). 

In Fig. 5 we show the D,/D, ratio for horizon observations at 6 = 7-5° versus 
Na abundance. These data are obtained from Fig. 3 and from additional calcu- 
lations for the smaller values of N (with HunTEN’s approximation) to find the 
precise form of the curve. Harrison and VALLANCE JONES (1956) have recently 
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made measurements of the line ratio during twilight.* During the measurements 
the line of sight of the spectrograph was kept on the intersection of the shadow 
line at about 65 km, by tracking the spectrograph from a zenith angle of about 35° 
down to 80° or 85°. Hence the angle of solar depression at the 65-km height was 
never greatly different from Pp = 8°. 

At large zenith distances, which are more heavily weighted by the exposure, 
the sodium layer was at slightly smaller angles of 6. An average value of 8 x 7-5° 
should be appropriate for the sodium layer. The computed ratio in Fig. 3 varies 
only slightly with zenith distance. 

HARRISON and VALLANCE JONES obtained an intensity ratio of 1-50 + 0-02 asa 
mean value between March and August. This ratio suggests, from the horizon 
curves in Fig. 5, a mean optical thickness for the five-month period of t9(D,) ~ 0-05 
and V x 3 x 10° atoms/em?, which is slightly higher than the values given by the 
summer measurements of the absolute intensity. Their ratio for the period 27 June— 
1 July was appreciably higher (1-57) than the mean for the longer period, which 
probably is due to a reduced abundance. 

If values of NV as high as 8 x 10° exist in the atmosphere, the D,/D, ratio 
should be the best means of ascertaining the abundance, in view of Figs. 4 and 5. 
It should be cautioned, however, that in the case of snow-cover, corrections should 
be applied as given in Table 2. Moreover, if the Na is distributed quite unevenly, as 
suggested in the above discussion of absolute intensities, the line ratio might also 
give a spurious abundance. But this effect should cancel out over many measure- 
ments, and might also tend to be reduced by virtue of the long exposures required. 


7. CONCLUSION 


In this paper calculations have been presented on the total intensity and D,/D, 
ratio on the twilight plateau. Comparison of these results with observations 
should provide reliable estimates of the Na abundance, although such factors as 
nonuniform distribution of Na may render interpretations more difficult. With the 
data now at hand we tentatively estimate that Na varies from 10° to about 101° 
atoms/cm? (column) through the year, with the large value being more uncertain. 
These results are in accord with the maximum of 1-0 x 10!° atoms/cm? (column) 
imposed by SANFORD (1950), from a high-dispersion spectral study of « Virginis, 
for a May night. 

Additional work along these lines might well extend the theory to the nightward 
side of the plateau. For an assumed height and vertical distribution, the incident 
flux at various heights in the Na layer can be computed by the methods given by 
HuntTEN (1954), with an additional correction for absorption by layer I in Fig. 1. 
(This flux will be somewhat different for zenith and horizon observations.) Also, 
by considering the attenuation on passing into and out of the scattering layer, an 
approximate solution for single scattering (analogous to equation 3) might be 
obtained. The contribution of secondary and higher scatterings might then be 
estimated by taking the difference of solutions of equations (3) and (10), where F,,'° 
is taken as the mean incident flux, properly weighted over height in the sodium 
layer. 


* IT am grateful to Dr. VALLANCE JONEs for forwarding a copy of the manuscript prior to publication, 
with additional information on the exposures. 
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APPENDIX 


Contribution of Scattered Light Falling on the Observed Layer 


As the incident flux 7F’, passes through the Na layer at some point P’ (cf. Fig. Al), some of 
the radiation will be scattered out of the beam and will fall on the observed point P. We wish to 
evaluate S, the amount of this scattered radiation in quanta/sec falling on 1 cm? aligned parallel 














Fig. Al. Atmospheric model showing scattered light (dashed line) 
from P’ falling on the observed point P. 


to the layer at point P, and to compare it with 7’, the directly transmitted radiation falling on 
the same square centimetre. In this paper we have not been especially concerned with sunset 
angles 8 > 8°, where the lower atmosphere seriously attenuates the incident beam. For the 


smaller angles, then, we have 


J = a ye—7v!Hopty ~ aF ,e— 7/88, (Al) 


where the exponential expresses the absorption of the beam on its first passage through the Na 
layer and yw) = cos (90° — f) is the projection factor for the incident beam onto the 1 cm? in 


question. 

Consider a beam of radiation (scattered from the point P’) which makes an angle y with the 
horizontals at P and at P’. We wish to sum this scattered light over all points in the atmosphere 
illuminated by the sun. Let the altitude of the sun as seen from P’ be x, and at Q the sun is on 
the horizon. Then if ¢ is the azimuth of P’ as observed from P, the spherical triangle involved 
gives, for small angles f and 4, 

4 = 2ycos¢ — B. (A2) 
At all azimuths the maximum angle y will be ymax = 9:3° = 0-162 radians; for larger angles 
a layer at 85 km will be screened from view by the ground. We determine ymin = //2 on the 
meridian (6 = 0) by the condition y = 0. For points closer to P (i.e. for 7 < 0) the incident 
flux will have been diminished by a previous passage through the layer; moreover, scattering 
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from points close to P has already been considered in solving the transfer problem in Section 4. 

For the purpose of estimating the maximum amount of scattered radiation, we can postulate 
that the layer is sufficiently thick (7,/sin 7 > 1) to absorb most of the incident beam, and we 
neglect secondary scattering of the radiation as it leaves the layer. Then from the theory for 
single scattering (Section 3), we find the specific intensity at P’ in direction y is 


sin y F, 
I, (0, sin y) < ti Z - ES (A3) 
; siny 4. 


to obtain the rate of radiation flow through unit solid angle and from 1 em? of surface parallel to 
the layer at P’, we multiply equation (A3) by the projection factor sin y. The fraction of this 
radiation intercepted by 1 cm? parallel to the layer at P is AQ = sin y/r?, where r~2Ry is the 
distance from P to P’. 

The total radiation falling on P from a circle of radius r around P and with a constant value 


of y is then less than 


*dmax iF (2y cos d — B)y F(2y — B)dmax 
2 dt = . 
2Ry 4R 


/0 


(A4) 


We have approximated sin ¢ by ¢, which is not strictly accurate, since ¢dmax can be fairly large, 
but the approximation is again in the sense of overestimating the contribution of scattered light. 
From equation (A2) we obtain dmax by setting y = 0; then dmax ~ (2y — f)'2/yl/. 
Then integrating equation (A3) over all y, we have 
F {vmax (2y — pyrl2 i” 5 
’ ‘ ie alle Pee 2\1/2 (9. 2 
oS: 4R al /2 R dy gs |/max (2ymax — B)*'* (27max — 9 B) 


e Ppj= 


(A5) 


21/23 2Ymax’ a8 
4 ; 


a f? ecosh7} ( B 


In Table Al we give maximum values of S/T computed from equations (Al) and (A5). 


Table Al. Maximum ratio of scattered to directly 
transmitted radiation at P for 7, = 0-1 





p (degrees) (S/T) max 


2 1-0 

4 0-088 
6 0-024 
8 0-009 





Thus for the range of f considered in this paper, the correction due to scattering from distant 
points in the atmosphere may be safely neglected. Further, since the direct intensity is attenu- 
ated more at f ~ 2 or 3 degrees in the curved atmosphere than in a plane-parallel model, the 
scattered light S at small angles / will act in the sense of compensating for the curvature. 
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Abstract—Since the density of neutral particles in the F region is now thought to be smaller than 
previous estimates, ambipolar diffusion is expected to have an important influence on the behaviour 
of the F layer. Its theoretical investigation is greatly simplified by the assumption, that the rate of loss 
of electrons is proportional to the first power of the electron density \N. for which strong evidence has 
recently been found; this assumption makes the problem linear. Motion of the ionization, other than 
diffusion, may be approximated by a vertical velocity w, independent of height. With the unreal 
assumption that w is also constant in time, the general solution for N as a function of height and time 
can be expressed as a sum of functions which decay exponentially with time and which have arbitrary 
coefficients. The most slowly decaying of these provides a model which is discussed in this paper; it 
is very similar to a Chapman layer. Although the observed part of the layer can be closely fitted by a 
parabola, it is found that little fundamental information can be derived without obtaining true N-h 
curves, except that the parabolic width gives quite a good measure of the scale height. This is used to 
study the sunspot-cycle variation of F-region temperature, and correlations are found with both f,F'/ 
and the magnetic C figure. 


1. INTRODUCTION 


THE purpose of this paper is to re-examine the effect of ambipolar diffusion of the 
electrons and ions on the behaviour of the F layer at night. FERRARO’s (1945) 
investigation concluded that such diffusion could be of only minor importance, 
but recent estimates of the density V,, of neutral particles in the F region are 
smaller than the value he used; the rate of diffusion is proportional to V,,~-! and so 
is now thought to be larger than FERRARO believed. Bares’s (1954) estimate of 
N,, is less than 10% mol/em*, even at 250 km. Then taking the collision frequency 
for positive ions with neutral molecules to be ~10-® N,, sec-! (CowLine, 1954), 
the corresponding velocity for diffusion under gravity is 10 sin? J m/s or 
36 sin? J km/h, where J is the angle of magnetic dip. 

The problem will be simplified by assuming that the rate LZ of loss of electrons 
is proportional to the first power of the electron density NV; it will be assumed 
that the loss coefficient varies with height, decreasing upwards. The evidence 
in favour of these assumptions is discussed in Section 2. The effect of movements, 
which are so conspicuous in the F2 layer, is partly included by superposing a 
uniform vertical motion of the ionization on to that due to diffusion, but the 
mathematical technique used does not allow this motion to vary with time. Because 
of the assumption L o N, the problem is linear in N and the solutions can be 
linearly combined. When upper and lower boundary conditions are applied, 
solutions are obtained which decay exponentially in time, and the general solution 
can be expressed as a sum of these with arbitrary coefficients. The limiting solution 
is then the one which decays most slowly. It would be exactly a CHAPMAN layer, 
if the loss-coefficient were independent of height (YONEzAWA, 1955), or if it were 
proportional to V,,. There is, however, reason to believe that the loss-coefficient 
is proportional to V2, and the limiting solution for this case has been computed and 
is described in Section 4. The observable part of the model layer is approximately 
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parabolic, and, although the assumptions on which the model is based are not 
all true, it is probable that a useful estimate of the scale height H can be obtained 
from the observed width of the layer at night. This is used in Section 5 to demonstrate 
that the temperature of the F region increases at sunspot maximum, and some 
indications are obtained of the mechanisms of heating. 

In Section 6, observed values are used to obtain some orders of magnitude. 
The values found are reasonable, except that the velocity of diffusion is some 
five times smaller than that expected from Bates’s (1954) model referred to in 
the beginning of this paper. If Barss’s value were correct, the layer should fall 
rapidly at night, whereas, in fact, it is observed to rise during the early part of 
the night at medium latitudes. 

It might be expected that the quantities describing the physical conditions 
in the F region could be obtained from the variation of the parabolic parameters 
which approximately describe the layer. An attempt is made in Section 7 to deduce 
such quantities in this way, but it is found that the departure of the model layers 
from parabolic form is always important. It is also found that the errors of 
measurement of individual h’-f records are comparable with the departure from 
parabolic form, so that results can be obtained only by averaging a number of 
records. In Section 8 the rate of change of log N,,,, is found to vary with h,,,.. in 
the sort of way suggested by the model. A sunspot-cycle variation is apparent, 
which fits in with the variation of scale height. 


2. ASSUMPTIONS 


The important assumption, which makes the problem linear, is that the loss- 
rate L is proportional to the first power ut N. Really convincing evidence of this 
has only recently been obtained by RatcLirrE, SCHMERLING, SeTty, and THomaAs 
(1956), though it had previously been suggested by ALLEN (1948) from a study 
of the variation of critical frequencies with the sunspot number R&; he found 
that the variation of f,/2 was much more nearly linear with R'/? than with R'*. 
RatcuirFE and his collaborators tested various combinations of hypotheses, 
and their most definite conclusion was that hypotheses with LZ o N? are not 
acceptable, while those with L o N fit quite well. 

Bates and Massey (1947) have suggested that the most important mechanism 
of electron loss in the F2 layer is dissociative recombination, and NicoLetT and 
MANGE (1954) have suggested that molecular oxygen is in diffusive equilibrium 
there. These suggestions have been discussed by RATCLIFFE, SCHMERLING, 
Setty, and THomas (1956), and lead to the conclusion that it is reasonable to 
take L = K,N, where K, is proportional to the density of O,. 

YONEZAWA (1954) has reached similar conclusions and has also discussed 
diffusion (YONEZAWA, 1955), but only with a loss-coefficient independent of height. 
He finds that at night the F'2 layer should tend to a Chapman profile, which decays 
without change of shape, but falls in height. In the present paper the theoretical 
limiting form of the layer is found under more general assumptions; the shape 
found is always similar to the Chapman form. 

We now give a list of the assumptions to be made. The height from an arbitrary 


level is denoted by h. 
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(i) There is no production of ionization at night. 
(ii) The region is isothermal. 
The proportion of different neutral constituents is independent of height; 
its scale height is denoted by H and h/H by z. 
The positive ions have the same composition as the neutral constituents. 
2 0N 
N = 
downwards, where bisa constant. The first term in the brackets represents 


the effect of gravity and the second the effect of the pressure gradient of 
the ionization (FERRARO, 1945). 


The velocity of diffusion of the ionization oc N,-! and is be’ 1+ 


The loss-rate L is fe~*, where « and f are constants. 
Horizontal variations of all quantities are neglected. 
The velocity of the charged particles due to causes other than diffusion 
is assumed to be vertical and uniform; its upward component is denoted 
by w. The effects of horizontal and nonuniform motions are discussed 
in the Appendix. 
With these assumptions, the variation of N through the night should be 
determined by the equation 
oN 


aN 
Fy =: —pe~* N bs ~ 


HH éz | Haz\ 


de lew +2 aN /a2)| (1) 


which is linear, so that its solutions can be linearly combined. Although (1) is true 
only in the F region, if at all, physically sensible solutions can be obtained by taking 
(1) to be true for all z and applying boundary conditions at z = +o. When 
z— +o, it is required that the velocity of diffusion remain finite and hence that 


0 Io a ies 
ON/dz + —N/2 or a (Ne'*) + 0. Thus at great heights diffusion dominates and 


~ 


N is approximately proportional to e~*”, as in diffusive equilibrium. When z—> — 0, 


it is required that N remains finite. It will be seen that, for the models obtained, 
NV must then tend to zero as z > —oo, and that consequently N is small at the 
bottom of the F region. 


3. THE GENERAL AND LIMITING SOLUTIONS 


The models to be discussed in this paper are solutions of (1) such that the shape 
of the \-h profiles is the same for all times. To obtain solutions of this kind, it is 
necessary to make the further assumption 


(ix) H, 6, b, and w are constant in time. 


In the case of w, this assumption is almost certainly wntrue for the F region; 
consequently, the models obtained can only predict the form that the F layer 
would assume if w were constant for a long enough time. 

It will be shown that the existence of shape-preserving solutions depends on « 
being positive, which is believed to be true. To seek such a solution, we put 
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ON/ot = —AN, where / is a constant; at any height the ionization then decays 
as e-”. Substituting in (1) and applying both boundary conditions, it is found that 
A must be one of an infinite discrete set of eigenvalues. The model is provided by 
the solution which decays most slowly, and therefore corresponds to the smallest 
eigenvalue of A. 

Equation (1) is simplified by putting (except for the special case w = 0) 


a” = (|w| /2b)!/2 e— 2 
y = Noa exp (wz?/2 | w) ) 
and then becomes 
d?y ‘4H}A + w ,  AHB (2bx?\* 
i ae 
da? w 
In terms of the new variables x and y, the boundary condition for z ~ +0 
becomes: when x = 0, dy/dx = 0. When z—- —o, x ~ o, and, in general, y 
diverges, but eigenvalues of 4 exists such that y — 0 when x — , and then the 


boundary condition is satisfied. The asymptotic behaviour of y depends on the 
value of «. If « > 1, y behaves asymptotically like 


cn fee (AVY 2 


if 0 < « < 1, it behaves like 


Ww w 


Hp | 2b) a 


aw w 


The case « = 0 is discussed by YoNEzAWA (1955) with w = 0; the asymptotic 
behaviour is like exp —}a?, and then, when w < 0, N is proportional to xz. This 
does not satisfy the boundary condition; it represents diffusion equilibrium for 
the ionization. The above forms of the asymptotic behaviour show that this 
difficulty disappears when « > 0, however. 

In the special case « = 1, the eigenfunctions have an explicit form, and this 
special case provides a useful illustration of their general behaviour. Putting 
a’ = x(1 + 8Hpb/w?)'4, the solutions may be written (WHITTAKER and 
Watson, 1927) 


o> eo 


y=) (3) 


which satisfies the boundary conditions, when v is an integer. The function y,, has 
n zeros with x > 0. The corresponding eigenvalues of 4 are given by 


Hi, = (n + $) w (1 + 8Hpb/w?)!?— fw (4) 


“n 


which shows that 4, increases as increases. 
Because of the linearity of (2), the general solution can be written 


oa 
Yy Tr > A, Y,(x)e os 


n=0 


where the A, are constant coefficients which are arbitrary apart from the physical 
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requirement that y must be positive for all values of x. If y is given at time fy, the 
A,s can be determined, and this condition is automatically fulfilled. 

The following properties, which have been illustrated for the special case « = 1, 
are maintained for any positive value of x. There is just one solution y, having a 
given number nv of zeros with 2 > 0, but the eigenfunction y, and eigenvalue J, 
depend on «. As m increases, /,, increases; large values of n correspond to small- 
scale ripples in the layer profile, and the smaller their scale the more rapidly are 
they removed by diffusion. The general solution can always be written in the 
form (5), so that after a long enough time the term which decays most slowly will be 
the most important. This will be called the limiting solution, and is Ayyo(x)e~*“; 
it is shape-preserving. 

With « = 1, (3) gives y, = e~!/*"", which gives a Chapman layer for N(z). With 
2 = 0 and w = 0, Yonezawa found that the limiting solution was a Chapman 
layer which falls, but does not otherwise change its shape; its velocity of fall is 
Dinax = be*max, where the suffix ‘“‘max’’ denotes the height where N has its maximum. 


max 


9 


sas | : w oO : 
In the present notation the velocity of diffusion can be written 5 oe log (N/zx), 
2x Ox 


which is independent of height for any Chapman layer. Such a uniform downward 
velocity due to diffusion can be balanced by a positive w. Consequently, when 
2 = 0andw > 0, the limiting solution is a Chapman layer which does not fall, but 
whose height is determined by the condition b,,,,. = w. When « > 0, the relatively 
heavy loss of ionization at the bottom of the layer tends to move the layer upwards 
and so can balance the downward motion due to diffusion and that due to w, when 
w <— 0. When« > 0. then, the limiting solution is always strictly shape-preserving, 
and there is no fall. It has already been seen that in the special case « = 1, the 
shape is a Chapman layer; in this case the height of the maximum is determined by 


w (1 ae ei eee 


= + 4w 
we 


1 
This illustrates the way in which the loss of ionization tends to move the layer 
upwards. If increases, b,,,, increases and therefore z,,,, increases. 

The conclusion of this section is that there is a limiting form to which any 
profile will tend after a long enough time, during which assumption (ix) is true. 
With « > 0, this form is shape-preserving and does not move vertically; it depends 
on time only through the factor e’ which is independent of height. In the 
special case « = 1, the limiting form is a Chapman layer, and in this case the 
velocity of diffusion is independent of height. We next consider the case x = 2, as 
there are grounds for believing that this may approximate to reality. 


4. THE SHAPE OF THE MODEL PROFILES WITH « = 2 


It is believed that the most abundant constituent in the F region is atomic 
oxygen, so that the scale height H may be taken as referring to this. BaTEs and 
Massey (1947) suggest that the loss-coefficient is proportional to the density of 
molecular oxygen, and Nicoter and MANGE (1954) suggest that this is approxi- 
mately in diffusive equilibrium, so that its density is proportional to e~*. Combining 
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these suggestions gives « = 2, and this value will be assumed for the remainder of 
this paper. We rewrite (2) 
d*y 4H) + w 16H pb? 
+ y |———_ -— 2 -— —— rad at}— 0 (6) 


da? w w 


and note that, with « = 2, 6b? is independent of the level chosen for z = 0. 
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Fig. 1. Comparison of the model profile (crosses) for w = 0 with a parabola. 


Equation (6) has been integrated numerically for two values of Hfb?/ w * and 
the values of 4, found by trial and error. The integration has also been performed 
for w = 0; in this case a is defined as (2Hf/b)!* e~7" and yas N/z, and instead 


of (6) we have 


dy | a eae We 
mt ce 


The profiles obtained have the same general form as a Chapman layer. N varies 

like e~** at great heights, then has a maximum value N,,,,, and becomes very 
2 1/2 

small about two scale heights lower, approaching zero like exp |- ; ey € = 
at low altitudes. The part of the profile below the maximum closely resembles a 
parabola down to the height where JN is 1N,,,,. For the case w = 0 the departure 
of N from the parabolic value is less than 5°% for N > 4N,,,,; this profile is 
compared with a parabola in Fig. 1. This resemblance may explain the fact, 
stressed by RatcuirFE (1951), that the profile becomes approximately parabolic 
in the evening and remains so until sunrise; the situation cannot be so simple at 
low geomagnetic latitudes, however, where diffusion is obstructed by the magnetic 
field. 
The theoretical profiles have a tail below the parabolic part. A plot of N‘” 
against z is shown in Fig. 2, which shows that the tail could never be very striking 
on h’f records. Further, the effect of group retardation from any ionization below 
the main layer would tend to remove the tail on the records. Observations with 
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lower frequencies than the range normally used would therefore be needed to test 
the existence of a tail. 

The half-widths a of the parabolae, to which the profiles approximate, have 
been computed from points where N is about }N,,,,, and the values of a/H are 
shown in Table 1. For a parabola 0?N/dh? = —2N,,,,/a? and the effective half- 
width a’, defined by a’?(0?.N/0h*) max = —2Nmax has also been computed for the 
theoretical profiles and tabulated. It is seen that neither a/H nor a’/H depends 
strongly on the value of w. It then seems plausible that they would not vary much, 
even if w varied with time, as in the real F region. If this is true, the value of 
either a or a’ observed at night may be used to obtain an estimate of H. Such a 
procedure, based on Chapman theory, was common practice in early ionospheric 
work. Its justification now depends on the assumption that a/H does not vary 


much, even when w varies with time. 
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Fig. 2. The curve of N1/? against h for the model profile with w = 0, showing that the tail 
would not be conspicuous on h’-f records. 
































The half-widths y,, published by ionospheric stations are made from 
measurements of the ‘‘nose”’ of the layer, and therefore refer to a’, the “‘nose width.” 
For the theoretical profiles, a’ is found to exceed a by from 10 to 20%, and this 
prediction has been confirmed by some observational values. True N-h curves 
have been computed in the Cavendish Laboratory and are most accurate in their 
middle part. The value of a is obtained from the point where N = 14N,,,,, and 
the values obtained by Dr. THomas from some Slough records have been compared 
with the published values of y,, obtained from the same records. Their ratio shows 
a wide scatter, which is inevitable because of the errors of measurement, but, 
grouping the data according to the year in which they occurred, the average 
values of a’/a were 1-07 for 1949, 1-08 for 1950, and 1-18 for 1953, the overall 
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average being 1-11. Because this agrees roughly with the predicted value, the 
estimates for H obtained from a and a’ will not be significantly different, and are 
equally good; a’ is more convenient because it is published. 
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5. VARIATION OF TEMPERATURE WITH THE SUNSPOT CYCLE 


The value of a’ increases appreciably with the sunspot number, and this is now 
interpreted as an increase of H and therefore of temperature, and is used to 
investigate the mechanism of heating. It should be noted that h,,,, also increases 
with the sunspot number, so that the temperature obtained does not refer to a 
fixed height, but our interpretation still requires the temperature at a fixed height 
to vary. The best measure of the intensity of ultra-violet radiation entering the 
atmosphere is probably f,/'1, and noon values at Slough have been used, corrected 
for zenith angle by multiplying by (sec 7)!/*. Correlation coefficients have been 
calculated between monthly mean values of Slough midnight y,,, Slough noon 
fF 1(sec z)'/4, and the international magnetic character figure C. All the data for 
1945-54 inclusive were used with the resulting correlation coefficients: 0-69 for y,, 
and f,F1, 0-38 for y,, and C, 0-025 for f,F1 and C. The low correlation between 
f, Fi and C may be surprising, but it is fortunate, because it shows that the correla- 
tions between y,, and these two quantities are independent. It is indeed justifiable 
to increase the correlation coefficients by subtracting an appropriate multiple of 
fpf 1 (sec z)'/4 from y,, before calculating its correlation coefficient with C, and vice 
versa. The correlation coefficient with f,/1 is not increased much, but that with 
C becomes nearly 0-5. 

Bates (1951) has discussed the temperature of the F region, and has shown 
that the heat lost by conduction is larger than that provided by the expected 
sources of heat, though these are not accurately known. The most important 
source may well be the absorption of ultra-violet radiation, and BaTEs suggests 
that accretion of neutral particles from the interplanetary gas could be important. 
If magnetic activity is caused by a stream of ionized interplanetary gas, a similar 
heating may occur; charged particles cannot be accreted, because of the geo- 
magnetic field, but it has been shown (DuNGEy, 1955) that waves are generated in 
the outer atmosphere, and their energy is degenerated into heat in the F region or 
above. If an appreciable proportion of the stream energy intercepted by the outer 
atmosphere were converted into waves, this heating would be important, because 
the energy is proportional to the cube of the velocity of the stream, and the 
velocity assumed by Bares for a neutral stream is substantially smaller than the 
stream velocity generally assumed for magnetic storms. 


6. NUMERICAL VALUES 


We now investigate to the limited extent possible what numerical information 
may be obtained by comparing our models with observation. Since w is unknown, 
the best procedure is to use the model with w = 0. It was seen in Section 4 that 
the value of a’/H for the model did not vary rapidly with w, and it seems plausible 
that the error in using this value is not very large, even when w varies with time. 
An overall median value for Slough is a’ = 130 km, which leads to H = 70 km. 
This should be the scale height at h,,,,, which is about 370 km. 

From the computed profile, x,,,, is obtained, and hence various dimensionless 
quantities involving f,,,, = fe~?*max and b,,,, = be*max are deduced. These are 
shown in the table and are seen to vary rapidly with w. Since w is unknown, only 
orders of magnitude can be obtained, and we shall use the values from the row with 
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w —0. Taking a median value for Slough as 4 = 0-15 h~, the value of 4/f,,,, gives 
Bmax ~ 0°08 h- and the value of H//b,,,. gives bya, ~ 25 km/h, and again these 
values refer to h,ay 370 km. 

It has been assumed so far that the values of w used in the computations are 
of the same order of magnitude as those which actually occur, and this must now be 
checked. The computations were made with w = (16H6b?)!3 and w = (1-6Hfb?)!’?, 
and pb? is independent of the level chosen for h = 0 and hence equal to By,ax0? max: 
Then substituting the values of H, £,,,,, and b,,,, from the last paragraph gives 
w ~ 38 km/h (10 m/s) and w ~ 18 km/h (5 m/s), which have the right order of 
magnitude according to current beliefs. The table also shows how much h,,,, varies 
with w for the models; the values of h,,,, for w = +38 km/h differ by 1-2H, or 
84km. It may be noted that this is of the same order as the observed range of 
variation during a night. 

We may now reverse the argument of Section 1 and obtain an order of magni- 
tude for NV, from the diffusion velocity b,,,,.. The theoretical value of b,,,, is 
3°6.10!° NV -l sin? J km/h, with 2tanJ =tan6, where 6, the geomagnetic 
latitude, is 55° for Slough. The value of b,,,, found above then gives V,, ~ 5 . 108 
mol/em*, at about 370 km. As BaTss’s estimate at 350 km is only 108 mol/cm?, there 
is here a serious discrepancy. An alternative approach to this discrepancy is to use 
the more reliable value of [0] at A = 150 km, namely 3 . 10!° mol/em? and obtain 
the mean scale height between A = 150 km and 370 km as 220/log (3 . 1019/5 . 108), 
or 55 km. If the density obtained here were correct and if, at 370 km, H = 70 km, 
the region of high temperature (large H) would therefore need to extend nearly 
down to 150 km. Consequently, the present results lead to a large temperature 
gradient at about 150 km, and there is a difficulty because the large rate of down- 
ward heat conduction requires a large source of heating at some higher level 
(BatsEs, 1951). 


7. Errors INTRODUCED BY THE PARABOLIC APPROXIMATION 


The models obtained with constant w cannot be used directly to obtain more 
than orders of magnitude from the observations, because the observed h,,,, and a 
vary with time. If the parabolic approximation were good enough, however, 
equation (1) would relate the rate of change with time of the parabolic parameters 
Ninax: Pmax: and a with the fundamental quantities 6, b, and w, which could then 
be determined. The accuracy of this procedure may be checked by applying it 
to the models of Section 4. It will be shown that large errors result when these 
models are approximated by parabolae; consequently, large errors may be expected 
for the actual F layer also. 

It has already been shown that an estimate of H can be obtained from the 
observed value of a or a’, but any further information must be obtained from the 
time derivative of Nyax, Amax, Or @. Expressions for these are obtained from (1) 
with « = 2, and are now discussed in turn. 


(i) AN inax/dt 


max “~" max 


l N 
- log N =WN = (* “=e = x i. (1 1 4H?/a’*) (7) 
6 


Ot 


max 
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Now, it is seen from the table that the diffusion term in (7) is important and also 
that a’/H is not much less than 2. It follows that an error of say 10% in the value 
of a’'/H can lead to a totally wrong value of the factor (1 — 4H?/a’*) and con- 
sequently to large errors in any quantity determined with the help of (7). This 
equation is therefore of no use without an accurate value of a’; if this were available, 
an accurate value of H might be obtained, but it is found that the errors of 
measurement of a single h’f record lead to a random error in a’ considerably 
greater than 10%. 


(ii ) dh max/4t 


Tmax ied | 

dt a otoh _/ (Ga)... (AB max + 4D ax) 
i { ‘9 vt | 
+ Ww— Dies ‘* re . es log 02? , shin) 


Aime 0 o2N ae 
and the table shows that the term containing (= log 3 a] is important. 
“a 2° max 


Now, this quantity describes the departure of the profile from parabolic form, 
and could be estimated from the values of a and a’. But it has been seen that a’ 
differs from a by less than 20°, so that, if a’ cannot be measured with an error of 
less than 20°, the departure from parabolic form cannot be detected and the 


0 a2N pee Se 
value of (; z cannot be distinguished from zero. In this case again, 


max 


then, it is necessary to be able to measure the departure from parabolic form. 

(iii) da/dt 

Finally, some information may be obtained from the observed values of da/dt. 
It is convenient to consider the variation of the electron content of the part of the 
layer below hyax; RATCLIFFE (1951) showed that several F-layer anomalies 
disappear when the electron content is considered rather than N,,,,. For a para- 
bolic profile, the electron content is 3aN,,,, per unit column, and the rate of loss of 
electrons below | ae is Pronx AN pax! (a/H), 
40-*)). 


0 
where I(6) =| e7 (1 —: 49-1(40-2 — 1 + e (6-2 — 
3 


Allowing for the flow of electrons across the level h,,,, and for the change of h,,,., 
the rate of change of the electron content should then be given by 
2d T Tt y hy, x 
3 dt (aN max) i —Bmax4N max! (a/H) 2 § N max es + Ds aah w) : 
As before, the theoretical profiles of Section 4 may be used to check the para- 
bolic approximation. It is found that the parabolic formula given here for (a/H) 
should be increased by some 30% to give the correct result. It may be noted that 
the value of J(a/H) is very sensitive to the value of a; it would be increased by 30% 
if a were increased by only about 10%; this is because the loss of electrons near 
the bottom of the layer is so important. A useful result, related to this effect, is 


(8) 


99 





J. W. DUNGEY 


that if a differs from its equilibrium value, its return to it is rapid. The value of the 
relaxation time for the return of a to its equilibrium value can be obtained from (7) 
and (8). With the numerical values given previously, it is about half an hour, and 
this further justifies the procedure of estimating H from the observed layer width, 
even though it varies with time. 

The principal conclusion of this section is that the parabolic approximation is 
inadequate, in spite of the close resemblance of the models of Section 4 to para- 
bolae. This conclusion demonstrates the need for obtaining true NV-A curves from 
the h’-f records; such curves have been computed in Cambridge for a number of 
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Fig. 3. Average night-time values at Slough of —(d/dt) log Nmax plotted against hmax. 

The numbers are statistical weights, and an overbar denotes sunspot maximum (1947 

and 1949); no bar, intermediate sunspot number (1946, 1948, 1950, and 1951); and an 
underbar, sunspot minimum (1952 and 1953). 


stations, and are available as described by RatcLiFFE, SCHMERLING, SETTY, and 
THOMAS (1956). When true \V-A curves are used, the difficulties encountered in (i) 
and (ii) are still met, but the value of J(a/H) obtained should be more accurate 
than the value given by the parabolic approximation. Then from the variation 
of the total electron content it may be possible to find w — 6,,,,, but not w or 
Dmnax Separately. 


max 


8. THE OBSERVED DEPENDENCE OF (d/dt) log Nyx ON Ainax 


Although it cannot be directly related to the theoretical models, the dependence 
of (d/dt) log N,,,, On hy,x has been studied. Its value is obtained from hourly values 
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of Njax, and individual values may be very inaccurate, but the average values 
values show a systematic behaviour. The average for the international quiet days 
in each month was used, values being used for several hours centred on midnight, 
and more hours in winter than summer; few summer months were used, but no 
seasonal variation was apparent. The data were grouped into: sunspot maximum 
= 1947 and 1949, intermediate sunspot number = 1946, 1948, 1950, and 1951, 
and sunspot minimum = 1952 and 1953. For each group the average value of 
— (d/dt) log Nia, Was computed for each 10-km range of h,,,,, and is plotted in Fig. 
3, where the numbers are the number of individuals in each average. 

Fig. 3 shows that there is a variation with the sunspot cycle, and equation (7) 
shows that this can be accounted for by the sort of variation of H discussed in 
Section 5; when H increases, the loss coefficient at a fixed height is expected to 
increase and the diffusion coefficient to decrease. 

The points for intermediate sunspot numbers in Fig. 3 suggest a quite well 
defined curve, which could be fitted by an exponential curve, with a scale height of 
roughly 50 km, or about 0-7H. This may be compared with the variation of A 
with h,,,x for the models described in Section 4; for the range of models computed, 
4 varies roughly as e~ *°?max, 
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APPENDIX 


It is probable that the motion represented by w is in fact approximately uniform, and the 
reasons are given here. In the F region the gyrofrequency is many times larger than the collision 
frequency even for positive ions, and under such conditions the motion perpendicular to the 
magnetic field H is almost completely controlled by the electric field, which is very nearly 
perpendicular to H. The diffusive motion is constrained to be parallel to H, and the velocity 
of diffusion is the velocity relative to the neutral particles; consequently w must include the 
velocity of the neutral particles parallel to H(sin J). Very little is known about the motion 
of the neutral particles, but W1LKEs (1949) has shown that tidal motions are strongly attenuated 
by viscosity well below the F region, and this is presumably true of any motion driven from 
the lower atmosphere. The velocity of the neutral particles is therefore likely to be small, and, 
because of the large coefficient of viscosity, nearly uniform over distances of many kilometres. 

The electric field may be described by a potential, ®, and the velocity perpendicular to H 
is approximately cH /\ V®/H?. The tidal type of contribution has a scale of the order of the 
earth’s radius, and is therefore approximately uniform over a range of height of several hundred 
kilometres. It should be further noted that, if the motion is not uniform, it is not correct to 
include a term —N dw/éz in equation (1). If such a term is included, similar terms involving 
the horizontal motion must not be omitted, the correct term being —.N div u, where w is the 
velocity of the ions. Now, div (H / V®/H?) = V®. curl (H/H?), which is small, because H 
is nearly uniform. This term may therefore be negligible even when w varies appreciably with 


height. 
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Abstract—A study has been made of the variation of absorption with frequency and sun’s zenith distance 
yz at Ibadan at vertical incidence. Since the propagation at Ibadan is almost purely transverse, simple 
theories in terms of deviative and nondeviative absorption may be applied. It is found that the non- 
deviative absorption appears to obey a law of proportionality to the inverse frequency. The total 
absorption varies as (cos 7)", where n is about 0-7. These variations are accounted for by assuming that 
the nondeviative absorption takes place in a Chapman-type D layer at a level where the electron collisional 
frequency is of the same order as the angular frequency of the exploring radio signal. 

Some comparisons are made with the absorption results from other stations. In particular, it is found 
that the frequency and seasonal variations at Singapore are similar to those at Ibadan. 


INTRODUCTION 


THE attenuation of radio waves in their passage through the ionosphere is of 
considerable theoretical and experimental importance. Whilst a certain amount 
of work has been published concerning measurements made in temperate latitudes, 
there is a marked lack of data from equatorial regions. We describe below measure- 
ments of ionospheric absorption which have been made at Ibadan, Nigeria (lat. 
7° 26’ N, long. 3° 54’ E, mag. lat. 23° S). 

The only other equatorial station which publishes routine absorption measure- 
ments is Singapore, and some comparisons are made between results from both 
stations. In view of the scant knowledge of the structure and position of the D 
region, and its worldwide morphology, a brief comparison is made between these 
equatorial results and those obtained at Slough, Falkland Isles, and Prince Rupert, 
Canada. 

SIGNIFICANCE OF THE PosITIon OF IBADAN 

As yet no attempt has been made to describe or explain in detail the worldwide 
distribution of absorption in the ionosphere. The problem is difficult theoretically, 
because in the magneto-ionic theory, taking collisions into account, the expression 
for the absorption coefficient AK contains terms dependent upon the intensity and 
inclination of the earth’s magnetic field. The theory is considerably simplified if 
the direction of propagation of the sounding radio wave is along the lines of force 
of the magnetic field, or perpendicular to the field (i.e. longitudinal or transverse 
propagation). For most European stations the propagation is described as being of 
the quasilongitudinal type, although this assumption introduces grave errors when 
the theory is used to explain the experimental results obtained. These errors seem 
to be particularly large for deviative absorption in the reflecting region and make it 
difficult to verify whether any particular model for the distribution of ionization 
with height can explain the observed attenuation. 

At Ibadan, conditions are considerably simplified due to the small value of 
magnetic dip (5°.S). We have verified, using the graphical method of BaILEey 
(1934), that the variation of absorption coefficient with ionization density is 
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insignificantly different from that for the ‘‘no-field” case. Consequently, it is 
legitimate to postulate various ‘‘model” ionospheres and compare their theoretical 
absorption to that measured experimentally. 

In this paper we shall be concerned with only one particular model—that of a 
Chapman-type D layer, and we shall show that our results are consistent with this 
theory if reasonable assumptions concerning collisional frequencies are made. 

Naturally, we do not claim that this is the unique interpretation of our results. 


THEORY OF IJONOSPHERIC ABSORPTION 


The magneto-ionic theory due originally to APPLETON and HARTREE is the basis 
of explanation of the various ionospheric phenomena. According to this theory, 
absorption is due to the dissipation of the energy of electrons, which are vibrating 
under the influence of the radio frequency field, when they make collisions with 
other particles. 

We define the reflection coefficient p = I/I,, where J is the amplitude of a 
wave after passing through an absorbing region, and J, is the amplitude without 
absorption. Then —log, p = {k ds, where k is the absorption coefficient per unit path, 
and varies along the trajectory. The quantities —log, p and fk ds are normally 
termed “‘the absorption” and are measured in nepers. 

The magneto-ionic theory shows that for quasitransverse propagation 


k = 2ne?/me . 1/u . Nv/(v? + w?) (1) 


where e and m are the electronic charge and mass, yw is the refractive index, rv is the 
effective electron collisional frequency, N is the electron density, and w is the 
pulsatance of the exploring signal. 

It is customary to divide the total absorption along a given trajectory into two 
parts according as the absorption takes place in a medium whose refractive index 
is (a) approximately equal to unity, or (b) small compared to one. 

(a) When uw = 1, the direction of propagation of the wave is not changed by the 
ionization and the absorption is said to be of the ‘‘nondeviative”’ type. The total 
nondeviative absorption for a particular path can be obtained by integrating the 
expression for k in equation (1), (putting « = 1), throughout the zone in which 
uw = 1. It has been shown by APPLETON (1937) that, for an absorbing region of the 
Chapman type, the nondeviative absorption is given by 


fk ds = 4-13(4ze?/mc) (cos 7)3 NovyH/w* (2) 


where NV, is the maximum electron concentration at noon when the sun’s zenith 
distance 7 is zero, H is the scale height of the atmosphere in which the layer is 
formed, and y, is the electron collisional frequency at the height of maximum 
ionization of the layer (A,,) at noon for y = 0. Besides the assumption of a Chapman 
layer, it has been assumed that » varies as 


p= 9,07- 
0 


where z is a height measured from h,, in terms of the scale height. Further, it is 
assumed that «, the coefficient of recombination, is constant throughout the layer, 
and that y is small compared to w. 
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(b) When yw is small, the absorption will vary rapidly with « and hence with the 
degree of bending of the wave-path. This absorption which takes place during the 
process of reflection is said to be of the “‘deviative” type. JAmnGER (1947) has 
obtained an expression for the deviative absorption by integrating equation (1) 
throughout the zone in which reflection occurs. He obtained: 

fk’ ds =v) H/e sec z. F(f/f.) (3) 
where F(f/f,) is a function which increases very rapidly with frequency as f 
approaches the critical frequency (f,) of the layer. Equation (3) does not take into 
account the effect of the magnetic field, which will lead to large errors anywhere 
except near the magnetic equator. 


METHODS OF MEASUREMENT 


The total absorption is measured experimentally in terms of the apparent 
reflection coefficient of the ionosphere p. The equipment used for these measure- 
ments consisted of a conventional pulse transmitter of peak power of about 500 W 
together with a fairly sensitive receiver into which a variable known amount of 
attenuation of the received signal could be introduced in the RF and IF stages. 
The display is an ordinary A-type scan. Both transmitting and receiving aerials 
were of the vertical delta type, 80 ft high and 250 ft long, and aligned in the plane 
of the magnetic meridian. By this means, rejection of the extraordinary ray is 
considerable, and all measurements were made on the ordinary ray. 

The experimental procedure was essentially that used at the Radio Research 
Station, Slough, and described in detail by Pregorr (1953). The method consists 
in adjusting the amplitude of the returned signal by means of the attenuators until 
it coincides with an arbitrary level. The attenuation is read directly from calibrated 
dials. Normally forty or fifty randomly spaced readings are taken on each frequency 
to eliminate short-period fading. 

The calculation of p from only one echo as is usually present at noon, involves 
the knowledge of an instrumental constant which takes into account the trans- 
mitted power, the frequency used, the directivity of the aerials, and the reflectivity 
of the ground. Calibration measurements were made at night when multiple 
reflections are present and the absorbing D and £ regions are almost absent. 
The instrumenta! constant G is determined as follows. 

If /,,/5,..., 7, are the amplitudes of the first, second, ...,th multiple reflections, 
and h’ is the virtual height of the layer, then 

(op,)" = G/rh'T,. 
G may be evaluated if observations have been made on two or more echoes, and 
may then be used to calculate p when only one reflection is present. The method 
outlined has several factors which may introduce errors, as follows: 


1. Fading 

(a) Short-period fading. We have endeavoured to eliminate this by the forty 
to fifty randomly taken observations. The observer must bear in mind all the 
time that he is trying to take a random sample. 

(b) Long-period fading. This is not usually present to any marked degree at 
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noon. If an obvious cycle is observed, readings are usually continued till one full 
cycle has been observed. Even if individual days may suffer from errors due to 
this effect, it should not affect the monthly mean values appreciably. 

(c) Differences of types of fading. In the daytime at noon the echo observed is 
usually composed of a considerable proportion of roughly or diffusely reflected 
waves. At nighttime the echoes suffer a far more specular reflection, though the 
degree of specularity will decrease as the order of the echo increases. In order to 
allow for this, an extensive analysis of the fading would have to be undertaken, and 
this has not yet been done. It is worth observing that this is the reverse of what 
is usually observed in temperate latitudes. However, at Ibadan the sporadic HL 
layer is definitely below the # layer itself, and is present almost without exception 
throughout the daytime. On the rare occasions when Hs has been absent during the 
day, the echoes have become remarkably steady and similar to the nighttime 
echoes. 

(d) Focus fading. As a result of fading due to focusing, the mean value of the 
echo measured over a complete cycle may not be equal to the equivalent echo- 
strength of a signal of the mean power reflected. It is thought, however, that this 
effect is relatively small, and no attempt has been made to correct for it. 


2. Noise 

This has been negligible for routine measurements except on the lowest frequency 
used. Care is taken to endeavour to allow for the noise component of the returned 
echo visually. 


3. Spread Echoes 

If spread echoes are present, it might still be possible to measure an average p if 
the total power reflected could be measured. This is not possible visually. 
In equatorial regions it has been shown (WRIGHT, KOSTER and SKINNER, 1956) that 
spread F echoes are a normal quiet-day phenomenon, so that the number of nights 
on which calibration measurements are possible is severely limited. Thus, of 
necessity, calibration has to be done on magnetically disturbed days. The noon 
routine runs are only affected by spread echoes near the critical frequency of the 
FE layer. In general, when spread echoes are present, the echo-amplitude measured 
is too small, and the value of —log, p obtained will be the upper limit of the true 
value. 


4. Sporadic E layer 

Where reflections are obtained from both the F layer and the Es layer, a 
combined reflection coefficient is worked out. 

Whilst it is realized that other methods such as continuous recording or 
integrating mechanisms might better surmount these difficulties, it is felt that the 
simplicity of the method and its wide applicability justify its retention. 


EXPERIMENTAL RESULTS 


The results of our daily noon routine measurements of —log, p for the period 
December 1953—December 1954 on frequencies of 2-0, 2-4, 2-8, 3-1, 3-4, 4-0, 5-0, and 
5:8 Mc/s have been published (Physics Department, U.C.I. 1955). These have been 
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supplemented from time to time by continuous 24-h observation runs on all these 
frequencies and by multifrequency measurements on twenty or more frequencies at 
noon. T'wo main problems have been investigated in detail: the variation of —log, p 
with frequency and with sun’s zenith distance. Neither of these appears to have 
been investigated previously for equatorial regions. 


(a) Variation of Total Absorption with Frequency 

It has been shown that the deviative and nondeviative parts of the total 
absorption would be theoretically expected to vary in a different manner with 
frequency. Consider, as a simple example, the case of a wave of frequency /, less 
than the critical frequency of the # layer (f,), being reflected by a Chapman-type 
E layer after passing undeviated through a Chapman-type D layer. If it is assumed 
that the D layer is situated at a height for which 2zf is much greater than the 
electron collisional frequency », the total absorption can be expressed using 
equations (2) and (3) as 

—log, p = 4:13(47e?/mc)N ovo H/(w?) . (cos z)*? + v9H/e sec x . F( f/f.) 
= Aj(f? + CF(fif.) (4) 
for any particular value of 7. 

The validity of equation (4) has been tested for Ibadan by plotting —log, p/F(f/f.) 
against 1/f*F(f/f.) for the noon values on frequencies less than f,. Figs. la and 
1b, curves I, show the graphs obtained for two such typical multifrequency runs, 
and it is seen that the curves are markedly nonlinear. 

A brief examination of the monthly means of —log, p shows that for all months 
the total absorpticn follows closely an inverse frequency law except for frequencies 
close to penetration, where deviative losses are large. On the occasional days 
when blanketing by F/, occurred on all frequencies, the same law was found to be 
obeyed, suggesting that nondeviative absorption in the D layer was the predominant 
factor. Consequently, the expression 

—log,p = B/f + CF(f/f.) (5) 
was tested by plotting —log, p/F(f/f,) against 1/fF(f/f,) and the results are seen 
in Figs. la and 1b, curves II, for the same measurements as were used in curves I. 
The points are a good fit to a straight line, so that equation (5) is in reasonable 
accord with experiment. Measurement of the intercept C and the slope B enable 
the relative proportion of deviative to nondeviative absorption to be calculated, 
and it is found that for 2-0 Mc/s the total absorption contains about 10°% of the 
deviative type. B and C contain terms in cos z, and thus vary seasonally and 
diurnally. Noon values of B and C for each month of the year are shown in Table 1. 


Table 1. 





1953 1954 : acs : ; “7 es 
ai — Feb. | Mar. | April May | June July Aug. Sep. | Oct. 


Slope B 9-0; 9-02 9-8 ‘5 | 1 “f 6 | 12-1 ‘5 | 12-2 | 13-2 


Intercept C. 
0-10 0-17 0-22. 0-23 0-17; 0-20 O-17 0-23 O-17 0-03 0-09 
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For frequencies greater than f, the analysis of the total absorption is rather 
more complicated, since in addition to the absorption taking place whilst traversing 
the D and E regions, there will be deviative losses in the F region. 
JAEGER (1947) has shown that the absorption in the # layer for such a case is 
given by 


voc sec 7. FY(f.[f) = CFM) 


108 





Equatorial ionospheric absorption 


where C = »,H/c sec x as before, and F(f,/f) is a function of (f,/f), which varies from 
0 to o as f./f varies from 0 to 1-0. 

Fig. 2 shows an analysis of the multifrequency run made on 23 September 
1954. The variation of the total absorption with 1/f is shown in curve I and is seen 
to be fairly linear except at frequencies for which deviative losses are large. 
From Fig. 1b the nondeviative absorption in the D region is obtained from a 
knowledge of the slope B, and this is plotted on Fig. 2 as curve II. The absorption 
taking place in the F region for all frequencies has been computed, using the value 
of C obtained from Fig. 1b and using values of JAEGER’s function F(f/f,) and 
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Fig. 2. Graphical analysis of multifrequency run on 23.9.54. Curve I shows the total 
measured absorption. Curve II shows the theoretical nondeviative absorption in the 
D layer. Curve III shows the H-layer absorption. Curve IV = Curve II + Curve ITI. 


F\(f,/f). These are plotted on Fig. 2 as curve III. It therefore follows that curve IV, 
which is the sum of curves II and III, represents the total absorption in the D and 
E regions. The difference between this sum (curve IV) and the total measured 
absorption (curve I) will be a measure of F-layer deviative absorption together with 
the scattering losses. It is seen that this difference is largest for the frequency 
range 3:5-4-8 Mc/s, where spread echoes are frequently found, especially from the 
sporadic EF layer. The F-layer absorption, as one would expect, only becomes 
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appreciable near the critical frequency f,F,, which for this particular day was 
7°3 Me/s. 

It is interesting to note that from C, which is equal to »,H/c sec y, a value of the 
collisional frequency can be determined. Assuming a scale height of 8 km for 
C = 0-15, 75 = 6 10° per sec at a height of about 115 km. 


(b) Variation of —log, p with Sun’s Zenith Distance x 
We have investigated the variation of —log, p with sun’s zenith distance 7 both 
diurnally and seasonally. Theoretically, both the deviative and nondeviative 
absorption are dependent on vy. In common with many other observers elsewhere, 
we find that for the diurnal variations 
—log, p x cos" (7) (6) 
where 7 is about 0-7. 


Logic (—logep) for 2:8 Mc/s Logio(—log, p) for 2:0 Mc/s 
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Fig. 3. Graphs of log,, (—log, p) against 1 + logy, (cos x) for 2-0, 2-4, and 
2-8 Mc/s on 20.11.53. 


Considerable scatter in the value of » occurs. Fig. 3 shows graphs of results 
obtained on a typical all-day run. The index n seems to have no major variation 
with frequency. It is frequently noticed that the exponent n is larger for afternoon 
values of —log, p than for the morning values, indicating that equilibrium occurs 
after noon in the ionosphere. This effect has also been found to exist in temperate 
latitudes (APPLETON and PiacotTtT, 1954; BENNER, 1950), and it has been shown 
by APPLETON (1953) that this delay is approximately 1/2aN sec. 

When the seasonal variation is considered, it is found that the variation of the 
monthly means of —log, p with mean noon value of 7 is abnormally high. Over the 
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period December 1953—October 1954, n was about 2-0, but seems considerably less 
since then. The simple law of equation (6) does not therefore seem satisfactory for 
the seasonal variations, although it is somewhat premature to judge on only one 
year’s data. 
COMPARISON WITH OTHER STATIONS 
Routine measurements of absorption are made at Singapore, and their results 
are published in the Bulletin B of the Radio Research Station, Slough. These 
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Fig. 4. Graphs showing the variation of absorption with frequency for Ibadan and 
Singapore (4a and 4b), and for Prince Rupert, Slough, and Falkland Isles (4c, 4d, and 4e). 
Curves I are for local winter months and curves II for local summer months. 


measurements are of particular interest in connection with those made at Ibadan, 
as they are the only results available for a station of comparable latitude. Absorp- 
tion results are also published in the same source for Slough, England, and the 
Falkland Isles. Absorption measurements on several frequencies made at Prince 
Rupert, B.C., have recently been published by Davies and Hace (1955). In Fig. 4 
is shown the variation of the total noon absorption with frequency plotted on a 
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logarithmic scale for the five stations. The curves marked I in Fig. 4 are for the 
mean of the four local winter months, and those marked II for the mean of the four 
local summer months. Several interesting points are apparent from a study of these 
curves. 

(a) For Ibadan and Singapore (Figs. 4a and 4b) the relationship between 
—log, p and frequency is strikingly similar, being of the form 


—log, p oc 1/f™ 


where m is rather less than unity. There is very little difference between the shape 


of the curves from summer to winter. 
(b) The temperate latitude stations obey a law approaching the form 


—log, p oC 1/(f +fs¥ 


in local winter only (Figs. 4c, 4d, and 4e, curves I). 

(c) In local summer, the variation of the absorption with frequency for the 
temperate stations is of a somewhat irregular form, but the rate of change of 
absorption with frequency is drastically reduced (Figs. 4c, 4d, and 4e, curves IT). 

The diurnal variation of absorption with sun’s zenith distance obtained at 
Ibadan seems in good agreement with that obtained by other workers (APPLETON 
and Piceott, 1954; Taytor, 1948; ALLcock, 1954; Davies and Haae, 1955). 

The seasonal variation of noon absorption with cos 7 is difficult to explain. 
In temperate regions the absorption is found to obey approximately the law 
(APPLETON and PigeotT, 1954) 

—log, p x (cos x)" 
in the summer months, but there is excessively high absorption in winter. 

At both Ibadan and Singapore the seasonal variation of absorption obeys a law 
of the form 
—log, po (cos 7 


where is greater than 2. 


Discussion 
(a) Equatorial Absorption Results 
There are two major discrepancies between the actual experimental results and 
those expected theoretically. The variation of the nondeviative absorption with 
frequency is of the form 


—log, p oc 1/f 
instead of 


—log, p x Uf? 


and the variation with the sun’s zenith distance is proportional to (cos 7)®’ instead 
of (cos y)'°. APPLETON and PiccotT (1954) and NicoLet (1951) have explained 
the low-power (cos y) variation by assuming a variation of the recombination 
coefficient « with pressure or temperature. These conclusions were based upon 
results obtained at Slough, where the effect of the magnetic field upon the deviative 
absorption is considerable. Since their analysis neglects the effect of the magnetic 
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field, their results are probably in error. Their treatment would, however, apply to 
Ibadan, but their analysis only accounts for one of the observed discrepancies. 
We shall attempt below to examine the case of a Chapman layer where the collisional 
frequency is not negligible with respect to w. 

It has been assumed in deriving equation (2) that the nondeviative absorption 
is taking place in a region for which the collisional frequency v is much smaller than 
2nf. JAEGER (1947) has shown that if this is not true, the absorption in the D region 
will be given by 

—log, p = (P cos! y)/f? «1 (7) 


where P = (e2N,v,H)/ame and J is a function of 6 = (af sec 7)/rp. 
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Fig. 5. Graph of JarcEer’s function I against f, where Bp = 


nf sec x 
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Fig. 5 shows a graph of J against f, and it is seen that for large values of f 
(2xf > v,)) the equation reverts to equation (2). 

It has been found that for small ranges of f it is reasonable to use the approxi- 
mation J = Kf", and in Fig. 6 a graph of log,, J against log,, f is given for a range 
of values of 8 between 0-2 and 2. Substitution for J in equation (7) leads to the 


result 
(cos a —n 


It is thus seen that the indices for both cos y and f are reduced, bringing them more 
into line with the values actually measured. For instance, ifn = 0-9 


—log, p x- 


—log, pe 
_a result in reasonable accord with our experimentally measured values. 
From Fig. 6 it is seen that a value of n = 0-9 yields a value of 6 = 0-5 approxi- 


mately. If it is assumed that sec y is unity (as at noon near the equator), for a 
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frequency of 2-0 Me/s the collisional frequency is found to be 12 x 10° per sec in the 
absorbing region. Because of a marked lack of published data of collisional fre- 
quencies in the D region, it is difficult to decide at what height the maximum 
ionization density of the layer occurs. SHAW (1951), by a cross modulation method, 
obtained vy = 1-8 10° per sec at 90 km in a temperate region. If we assume a 
scale height of about 8 km, this would give vy = 12 x 10® sec! at about 72 km. 
It seems likely that our knowledge of the structure and position of the D layer or 
layers will be considerably clarified in the near future as more rocket data becomes 
available. JAcKSON (1954) has reported that in the Viking-5 rocket experiment at 
1018 MST, 21 October 1950, there was a strong indication that y > 3 x 107 between 
80 and 92 km. On the other hand, Seppon (1954) sets an upper limit of 2-5 107 





1-5 














° 
ve) 





° 
~ 


~ 
© 
©.) 
© 
+ 
= 
— 











"3s ts ww eS 13 
(1+1og,.8) 
Fig. 6. Graph of log,, J against log,, f for values of 6 between 0-2 and 2-0. 
sec-! at 60 km. It seems reasonable to suppose, however, that a value of 12 « 106 
per sec is likely between the heights of 65-75 km, although it should be stressed 
that conditions at the equator may be considerably different from those in New 
Mexico. 

The seasonal variation of absorption for Singapore and Ibadan is difficult to 
explain. DrLopeav and GALueT (1954) have pointed out that many ionospheric 
parameters have a greatly enhanced seasonal dependence at the equator, and 
suggest that this may be due to structural changes of the ionosphere at the equator 


with season. 


(b) Results from Temperate-latitude Stations at Slough, Falkland Isles, and Prince 


Rupert 
In temperate latitudes it is well known (DIEMINGER, 1952; APPLETON and 
Piacotr, 1954) that the absorption is anomalously high on many days in winter 
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and that on the same days a reflected echo appears from a height of about 90 km. 
This layer is very seldom present in summer, when the seasonal variation follows a 
normal (cos 7)7> variation. APPLETON and PicGoTr (1954) have pointed out 
that if the 20% least-absorbed days in winter are considered (days on which D 
echoes are not observed), the winter anomaly is largely removed. We would also 
point out that the anomaly is much more pronounced for low frequencies than for 
higher frequencies, as can be seen from Fig. 4 by comparing winter and summer 
absorption on 4:8 Mc/s. In fact, if the monthly mean values of log, p for this 
frequency for Slough in 1951 are plotted against cos 7 on logarithmic scales, a 
roughly linear variation is obtained of slope about 0-7. 

APPLETON and Piacott (1954) have observed that at Slough the nondeviative 
absorption varies inversely as the square of (f + f,) on 80% of the days on which 
multifrequency measurements were made. Fig. 4 shows that although this law 
is obeyed fairly closely by the monthly means of the total absorption (—log, p) in 
winter, the variation in summer is much more irregular. There is a pronounced 
peak in absorption at frequencies close to f,# (3-6 Mc/s), due to deviative absorption 
and the overall slope is much reduced. Figs. 4¢c and 4d show that a similar effect 
prevails at the other temperate-latitude stations in the Falkland Isles and at 
Prince Rupert. 

Some of the observed difference in frequency law between summer and winter 
is clearly due to the different amounts of deviative absorption in the E layer between 
the two seasons. f,/ changes from 2-6 to 3-6 Mc/s from winter to summer, and at 
the same time h’E decreases from 130 to 110 km. It seems clear that the deviative 
absorption is much smaller in winter, and consequently one would expect the 
1/(f + f,)? law to be more closely obeyed. 

At the same time, however, there is a definite structural change in the D layer 
from winter to summer, with the appearance of a sporadic layer at about 
90 km in winter. Absorption and scattering losses in this layer no doubt account for 
the apparent increased absorption on low frequencies in winter. 

The total variation of absorption with frequency will be determined by the 
combination of D-region and #-region effects, the relative magnitudes of which it 
is difficult to estimate. It is thought that the H-region deviative absorption will 
be very large due to the effect of the earth’s magnetic field in temperate regions. 
No analysis has yet been made for such regions, including the full effect of the 
magnetic field, so little can be said of the way in which this might affect the frequency 
variation. 

From the normal Chapman theory, any layer will be lower in summer than in 
winter. Hence, in temperate climates a D layer will move down in summer to 
regions where the collisional frequency » is greater. This may explain why the 
summer frequency law is nearer to that found at the equator. However, the 
difference between winter and summer is largely linked with the sporadic high 
absorption or scattering in the intermittent layer formed at 90 km. This is well 
brought out by examination of a transitional period. For Slough in October 1951, 
the means of the log p’s for various frequencies were obtained for the five days of 
most absorption and the five with least absorption. Fig. 7 shows absorption- 
frequency plots on logarithmic scales, and it is seen that whereas on days of high 
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absorption there is a line of slope 1-35, on low-absorption days the slope is reduced 
to 0-95. 
CONCLUSIONS 


Empirically it is noted that the variations of —log, p with frequency are much 
nearer a 1/f law than a 1/f? law in equatorial regions. Hence the derivation of an 
A figure, such as is done by the Radio Research Station, Slough, is felt to be 
without much value for equatorial regions, or for temperate regions in summer. 
We would suggest that for these regions a B figure should be calculated from the 
law given in equation (5), which would cover the nondeviative absorption. 
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Fig. 7. Graph showing variation of absorption with frequency in Oct. 1951 at Slough for days 
of high absorption (curve I) and low absorption (curve IT). 


The consideration of the possibility that the collisional frequency y in the D 
region is of the same order as the exploring frequency, offers a fairly comprehensive 
explanation of the variations of absorption with both frequency and time of day 
at the equator, as is shown by the results for Ibadan and Singapore. In temperate 
latitudes it is much more difficult to interpret the results on account of the large 
amount of deviative absorption present. However, the summer-frequency variation 
is similar to that for low-latitude stations, whilst in winter an additional reflecting 
layer makes its presence known. 

At the equator it is suggested that the D layer is centred at a height where 
vy w~ 12.10% sec, which from measurements of » at various heights in temperate 
regions indicates that the height of the D layer is around 70-75 km. 

The variation of absorption with magnetic activity, sunspot number, and 
lunar age cannot as yet be examined on our data, which extend over one year only; 
particularly so as that year was one of sunspot minimum. It is hoped that these 
studies will be undertaken when more data become available. 


116 





Equatorial ionospheric absorption 


Acknowledgements—We should like to express our indebtedness to Mr. W. R. 
Piacort for considerable direction and advice. We are grateful to the Radio 
Research Station, Slough, for the loan of equipment and also for the communication 
of results obtained at Singapore, Falkland Isles, and Slough. 


ALLcock G. McK. 

APPLETON E. V. 

APPLETON Sir E. V. 

APPLETON Sir E. V. 
Piacotr W. R. 

BalLey V. A. 

BENNER A. H. 

Davies K. and Haae E. L. 

DELOBEAU F. and GALLET R. 

DIEMINGER W. 

JACKSON J. E. 

JAEGER J.C. 

NICOLET M. 

Piccott W. R. 

Routine Absorption Measurements 
No l. 

SEDDON J.C. 


and 


SHaw I. J. 

Taytor E. W. 

Wricut R. W., Koster J., and 
SKINNER N. J. 


REFERENCES 


1954 
1937 
1953 
1954 


1934 
1950 
1955 
1954 
1952 
1954 
1947 
1951 
1953 
1955 


1954 
1951 


1948 
1956 


Proc. Inst. Elect. Eng. IIT, 101, 360. 
Proc. Roy. Soc. A162, 451. 


J. Atmosph. Terr. Phys. 8, 282. 


J. Atmosph. Terr. Phys. 5, 141. 


Phil. Mag. 18, 516. 
Proc. Inst. Rad. Eng. 38, 685. 


J. Atmosph. Terr. Phys. 6, 1. 


C. R. Acad. Sci. 289, 1067. 


J. Atmosph. Terr. Phys. 2, 340. 
J. Geophys. Res. 59, 377. 


Proc. Phys. Soc. 59, 87. 


J. Atmosph. Terr. Phys. 1, 141. 


Proc. Inst. Elect. Eng. II, 100, 61. 
Physics Dept., U.C., Ibadan. 


Rocket Exploration of the 
Pergamon Press. 

Proc. Phys. Soc. B64, 1. 

J. Res. Nat. Bur. Stds. 41, 575 

(in press) 


U pper 


Atmosphere, 





Journal of Atmospheric and Terrestrial Physics, 1956, Vol. 9, pp. 118 to 130. Pergamon Press Ltd., London 


Recombination and attachment in the F/ and F2 layers 
during the solar eclipse of 25 December 1954 


M. E. SzenDREI* and M. W. McEtyinnyt 


| 


Physics Department, Rhodes University, Grahamstown, South Africa 


(Received 4 May 1956) 


Abstract—The variations of electron density during the annular solar eclipse of 25 December 1954 for 
various fixed heights in the #'/ and F2 layers of the ionosphere are compared with the variations expected 
under alternative assumptions that the removal of free electrons is by recombination and attachment. 
The recombination and attachment coefficients so deduced do not vary with height in the FJ layer, 
and it would appear that the recombination process is predominant in this region. In the F2 layer, 
the recombination and attachment coefficients decrease with height in a regular manner and are compared 
with values obtained by other workers. 


1. INTRODUCTION 


[ONOSPHERIC readings at vertical incidence were taken in Grahamstown during 
an annular eclipse of the sun, which occurred on 25 December 1954. Grahamstown 
was situated within the belt of annularity, the various phases of the eclipse at 
heights of 100, 200, and 300 km being shown in Table 1. During annularity, 
85:8°, of the solar dise was covered. 


Table 1. Times of contact at various heights: 
South African standard time = UT + 2 hr 





Height (km) Ist contact 2nd contact 3rd contact 4th contact 


0646 0800 0807 0935 


0645 O758 0805 0934 





0932 


0643 O757 0803 





A specially designed and completely automatic ionosphere sounder was used, 
covering the range from 1-5 to 15-0 Mc/s. The equipment delivered pulses of 
100-ywsece duration at an average output of 2kW. The variation in frequency was 
obtained by a method described by WaDLEy (1949): this was done by beating a 
fixed oscillator at 30 Me/s with a variable oscillator operating between 31-5 
and 45-0 Mc/s. The latter also served as the first oscillator of a double conversion 
receiver, so that it was automatically tuned to the transmitter at all frequencies. 


* Now at the National Physical Laboratory, Pretoria, South Africa. 
+ Now at British Dielectric Research Ltd., 38 Wood Lane, London, W.12. 
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Thus both transmitter and receiver covered the full frequency range by rotation 
of a single condenser. From the h’f records, frequencies could be read to an 
accuracy of 0-02 Me/s, and virtual heights to the nearest 2 km. 


2. OBSERVATIONS AND REDUCTIONS 


Readings were taken over thirty control days, centring on the eclipse day 
every quarter of an hour from 0500 to 1000 S.A. standard time and at hourly 
intervals for the rest of the day. On 25 December, for the duration of the eclipse, 
readings were taken at 2}-min intervals. It was gratifying to note from data 
supplied by the magnetic observatory, Hermanus, that the period under con- 
sideration was magnetically quiet. 

The method described by Ketso (1952) was followed in calculating the true- 
height electron-density distribution corresponding to each record. This involved 
the complete scaling of some 750 records. Most previous workers have based their 
conclusions on readings over only a few control days centring on the eclipse day. 
In view of the large-scale irregularities which occur in particular in the F2 region, 
it is sometimes very doubtful if such data truly indicate the control conditions. 
It was therefore considered worth while to determine the control conditions from 
a large number of days, and to completely scale all the records. A typical h’f 
record, and the Kelso distribution deduced from it are shown in Figs. (a) and 1(b). 
The type of distributions so obtained are very similar to those obtained by SEDDON, 
Pickar, and Jackson (1954) from high-altitude rocket measurements. From 
these distributions over the thirty control days, the mean variation in electron 
density was determined for certain fixed true-heights throughout the FJ and F2 
layers. 


(a) F1 Layer 

True heights of 160, 180, and 200 km were chosen, and Fig. 2 shows the mean 
variation in electron density for the control days together with the readings on the 
eclipse day for each of these three heights. As this eclipse occurred very near the 
summer solstice, the FJ layer maximum was always well defined by a sharp cusp 
in h’f records (Fig. la). At 0645 8.A.8.T. it was present on thirteen of the thirty 
control days, and at 0700 it was present on twenty-five of the thirty control days. 
Thereafter the F'/ layer remained well defined until at least 1600. For the control 
period the mean true-height of the maximum electron density was 205 km, and 
during the eclipse it was 201 km. 

During the middle of the eclipse, from 0730 to 0830 approximately, the FJ 
layer was slightly masked by intermittent Hsp, making the determination of the 
Kelso distributions impossible. However, from the retardation produced on the 
F2 layer, it was possible to note that the maximum electron density in the F/ 
layer reached its minimum value of 0-94 « 10° electrons per cm? at 0807. From 
the Kelso distributions before 0730 and after 0830, it can be seen that the electron 
density at 160 and 180 km was very near to the maximum in the layer. Hence, 
in extrapolating the curves between 0730 and 0830, it is assumed that the electron 
density at these heights did not fall very much below the maximum in the layer 
during that period. 
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Fig. 2. F1 layer, eclipse and control readings. 


(b) F2 Layer 

True-heights of 220, 240, 260, and 280 km were chosen, and Fig. 3 shows the 
mean variation in electron density for the control days, together with the readings 
for the eclipse day for each of these four heights. For the control period the mean 
true-height of the maximum electron density was 289 km, and during the eclipse 
was 286 km. 

3. RECOMBINATION AND ATTACHMENT PROCESSES 

In interpreting ionospheric data, the rate of increase of electron density can be 

expressed generally in the form: 
= = q — an® — Bn (1) 

where B = fNo, and No is the number of neutral particles per cm?, ¢ is the rate 
of ion production per cm’, « is the effective recombination coefficient, and £ is 
the attachment coefficient. If the radiation from the sun is uniform over the whole 
disc, then during an eclipse equation (1) must be modified to 


di 
_ = fq — «n* —Bn (2) 
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where f represents the uncovered fraction of the sun’s disc. If a recombination 
process is the predominant one, equation (2) will reduce to 
dn F 3) 
— = fq — an 
re ( 


Similarly, if an attachment process predominates, equation (2) will reduce to 


dn 


Using the method proposed by HuLBurt (1939), equations (3) and (4) were tested 
for each of the heights in both the FJ and F2 layers. By comparing the theoretical 
curves so plotted with the experimental curves, it should be possible to determine 
whether recombination or attachment more nearly describes the process of removal 
of free electrons at each height in the FJ and F?2 layers. 


(a) Preliminary Results 

Some preliminary results for this eclipse have already been published (Szen- 
DREI and McELuinny, 1956a). Using HuLspurt’s method with equation (3) 
on the variation in the maximum electron density of the #1, F1, and F2 layers, 
we found the values of the recombination coefficient « to be 7 « 10-°, 5 x 10-°, 
and 5 x 10-! cm’ sec"! respectively. Although the authors have calculated 
a value of B= 2-5 x 10-*sec"! for the HJ layer (curves unpublished), the 
theoretical curves, when we were using equation (3) and a value of « of 7 « 10-9 
cm? sec!, as stated above, agreed much more closely with that observed, and 
hence it appears that attachment does not play a major role in electron removal 
in the E/ layer. 

In a later paper (SZENDREI and McE turnny, 1956b), the behaviour of the 
E1 layer during this eclipse was analysed in more detail from the point of view 
of a nonuniformly radiating solar disc and temperature variations. Some success 
was met by postulating more intense regions on the solar surface and correlating 
these with astronomical data, but an analysis in terms of temperature variation 


was unsuccessful. 


(b) FI Layer : 

Fig. 4 shows the three experimental curves for 200, 180, and 160 km, together 
with the three curves plotted, using equation (3). In each case the value of the 
recombination coefficient « was chosen so that the calculated minimum electron 
density agreed satisfactorily with that observed. A similar process was employed, 
using equation (4), to determine B, and these curves appear in Fig. 5. It will be 
noted that the three theoretical curves in Fig. 4 fit the experimental data far 
better than those in Fig. 5. It must be concluded that the recombination of 
electrons with positive ions appears to be the predominant process for the removal 
of free electrons in the FJ layer. 

It is interesting to note that the values of both « and B so found do not vary 
throughout the layer. In addition to the value of « of 5 x 10-® cm’ sec! found for 
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160, 180, and 200 km, the value of « for the HJ layer (mean height 120 km) as 
stated above was 7 x 10-®cm'sec-!. Hence there seems to be very little change 
in the value of the recombination coefficient from 120 to 200km. Similarly, 
the value of B found was 3 x 10-4 sec—! for 160, 180, and 200 km and 2:5 « 
10-4 sec“! for the HJ layer. Once again there is also little change in the calculated 


values of B from 120 to 200 km. 


(c) F2 Layer 

Similar calculations were made to find the recombination coefficients «, and 
the values of B for the four heights of 220, 240, 260, and 280 km chosen for the 
F2 layer. These results appear in Fig. 6 for values of «, and in Fig. 7 for values of B. 
Agreement between eclipse-day results and the expected variation is not very 
good, but this could hardly be expected in view of the well-known irregularities 
of this layer. 

As can be seen from the two sets of curves, there seems to be little to choose 
between either the recombination or the attachment process. We must conclude 
that both processes are likely to play a part in the removal of free electrons from 
the F2 layer. 

As shown in Figs. 8 and 9, the values of « and B obtained for the F2 layer 
vary systematically with height. 


4. Discussion 


The great majority of workers in this field, in analysing the effect of solar 
eclipses on the ionosphere, have limited their calculations and conclusions to the 
observation of critical frequencies and virtual heights. While admitting that 
the conversion from virtual heights to true heights by any of the methods pre- 
sented in the literature (BOOKER and SEATON, 1940; MANNING 1947; KELSO, 1952) 
involves a considerable amount of additional computation, it must be stressed 
that any results based entirely on virtual-height observations can hardly give 
even a qualitative explanation of the processes which take place in the ionosphere. 

SavitTtT (1950) undertook an analysis similar to the one presented in this paper, 
and concluded that attachment was the more likely process than recombination 
in the F2 layer. However, it must be pointed out that his conclusions were based 
only on six control days. 

Minnis (1955) determined the Kelso distributions in the F2 layer during 
the eclipse of 25 February 1952, but was unable to determine the variation of 
either « or B with height. However, he did estimate that « for the FJ-layer 
maximum density had a value of 8-2 x 10-® cm? sec! at a true height of 170 km. 

The distribution of « with height has also been calculated by Seaton (1948) 
from the diurnal variation in the maximum electron density of the HJ, FJ, and 
F2 layers. 

Havens, FrrepMAN, and Hunpurr (1955) have recently determined the 
variation of « with height from rocket measurements. 

The values of « found in this paper are compared with those of the above 
workers in Table 2, while the values of B are compared with those of SavirT in 


_ 
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Fig. 7. F2 layer, theoretical curves for values of B. 
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Table 2. Effective recombination coefficients « for various true heights 





SZENDREI and MCELHINNY e ; HAVENS et al. 
Height s: : Minnis 1952 SEATON diurnal 
1954 eclipse ee rocket 
(km) Nalin eclipse change in N 
(cm? sec—*)} : measurements 


1-6 x 10-8 
150 1-6 x 10-8 
160 5 x 10-9 
170 8-2 x 10-9 
180 5 x 10-9 SAVITT 
200 x 10-° 1947 eclipse 3xi¢* 
220 x 190-16 3 x 10-9 | 1:3 x 10-9 
240 5 x 10710 15 x 10-9 (max. F'1) 
250 1-3 x 10710 
260 5 x loo x 10-9 
280 3 x 19711 x 19-10 
300 «x 10-10 1-6 x 10-11 
320 ‘+5 x 10710 8 x 10-7 

(max. F'2) 


120 x 10-9 8-0 x 10-9 5 x 10-9 
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Table 3. It is interesting to note that in each of the columns of Table 2 the values 
of « decrease much more rapidly above 200 km than they do from 120 to 200 km. 

BraDBuRY (1938) suggested that the F2 layer owed its origin to the same source 
of radiation as the FJ layer, but was differentiated from it because of the lower 
recombination rate at F2 heights. Bates (1949) calculated that the source of 
radiation which produces the FJ layer could produce the observed rate of ion 
production at F2 heights. The results obtained in this paper, i.e. that the re- 
combination coefficient is constant up to 200 km and then decreases by a factor 
of 200 in the next 80 km, lends support to the theories of BRADBURY and Bares. 


Table 3. Variation of B = 6No with true height 





SZENDREI and McELHINNY SavirtT 1947 
Height (km) 1954 eclipse eclipse 
(see) (see!) 


160-200 3 x 10-4 
220 7 x 10-5 
240 x 10-5 
260 2 x 10-5 
280 «x 10-5 
300 
320 


x 10-4 
x 10-4 
x 10-4 
x 10-4 
x lo* 
x 10-4 


oe 


bo 99 
mond o1@w or 





5. CONCLUSIONS 

In view of the quiet magnetic conditions, the conversion to true heights of a 
large number of control days and eclipse readings and the fact that the FJ region 
was clearly separated from the F2 region in the course of these measurements, 
it is considered that the results presented here are of a somew me greater reliability 
than previous measurements of the same kind. 

These results indicate that recombination is the mechanism of electron removal 
in the F/ region, while either recombination or attachment or both are possible 
in the F2 region. 

It is furthermore suggested that the FJ and F2 layers are caused by the same 
source of radiation, and they are separated on account of: 

(1) either, a large decrease in « above the F7 maximum; 

(2) or, a change from recombination to attachment above the J maximum, 

the attachment coefficient decreasing with height throughout the F2 region. 
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Zur Theorie des Sonnenfinsternis-Effektes im Erdmagnetfeld 


H. VoLLanD 
Heinrich-Hertz-Institut, Berlin-Adlershof 


(Received 16 April 1956) 


Abstract—The deformation of the S,, current during a solar eclipse is represented by a current function S,, 
which is superposed on the S, system and moves with the eclipse. The magnetic field components of S, 
are computed, and the influence of the part induced in the earth’s crust is discussed. 


1. EINLEITUNG 


Se1r Aufstellung der Dynamohypothese fiir die tagesperiodischen Variationen des 
Erdmagnetfeldes war es naheliegend, nach einem Einflu8 der Sonnenfinsternis 
auf das Erdmagnetfeld zu suchen. Diesbeziigliche Messungen sind in erster Linie 
von BAvER oder auf dessen Veranlassung hin gemacht worden. (Eine Zusammen- 
stellung der wichtigsten Literatur iiber dieses Gebiet findet man bei CHAPMAN und 
BaRTELS, 1940.) 

BaverR und neuerdings EgepaL und AMBOLT (1955) haben eine bai-ahnliche 
Erscheinung in der Deklination wahrend der Finsternis als Sonnenfinsternis- 
Effekt zu deuten versucht. 

CHAPMAN (1933) hat eine rohe Abschitzung des zu erwartenden Effektes 
gegeben. Er zeigte, daB ein Riickgang der Leitfahigkeit um 50% in der strom- 
fiihrenden Schicht einen Riickgang der durch sie erzeugten magnetischen Horizontal- 
komponente um 30% zur Folge haben wiirde, falls die stromfiihrende Schicht die 
E-Schicht sei. 

Von Naaata, NAKATA, RIKITAKE und YOKOYAMA (1955) stammt eine niherungs- 
weise Berechnung des Magnetfeldes eines ebenen deformierten Stromsystems und 
ein erfolgreicher Vergleich der Rechnung mit den magnetischen Beobachtungs- 
ergebnissen einer Sonnenfinsternis. 

CHAPMAN (1932) diskutierte auBerdem den EinfluB einer Korpuskel-Finsternis. 
Alle bisherigen Sonnenfinsternis-Beobachtungen der Ionosphiare sprechen jedoch 
fiir eine optische Verfinsterung, die deshalb in dieser Arbeit vorausgesetzt werden 
soll. 

2. BESTIMMUNG EINES STROMMODELLS DER [ONOSPHARE WAHREND 
EINER SONNENFINSTERNIS 


Von der Dynamotheorie wird ein ionosphirisches Stromsystem zwischen 100 
und 200 km Hohe gefordert, das die sonnentaglichen erdmagnetischen Variationen 
erzeugt. Wahrend einer Finsternis wird die vom Sonnenstand abhangige Leit- 
fahigkeit dieses Stromsystems in der Umgebung des Kernschattens reduziert 
werden. Damit wird eine Deformation der Stromlinien verbunden sein, die im 
folgenden berechnet werden soll. 

Zur Vereinfachung des Problems wird die Annahme gemacht, da8 in der naheren 
Umgebung des Kernschattens der Strom homogen und parallel flieBt. Diese 
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Annahme ist fiir die S,-Str6mung in mittleren nérdlichen und siidlichen Breiten 
wihrend der Vormittags- und friihen Nachmittagsstunden sowie in der Aquator- 
zone um die Mittagszeit gut erfiillt. Die Forderung der Homogenitat bedingt, 
da& unperiodische Stérungen klein gegeniiber dem S,-Gang sein miissen. Ein 
zusatzlicher S,-Gang ist jedoch nicht wesentlich st6rend, sofern nur die Gesamt- 
strémung laminar bleibt. Weiterhin wird vorausgesetzt, da die magnetische 
Wirkung der Sonnenfinsternis von einem zusitzlichen Stromsystem herriihrt, das 
der S,-Strémung iiberlagert ist, in entgegengesetzter Richtung flieBt und sich mit 
dem Schatten auf der Zentrallinie der Finsternis bewegt. Das bedeutet, daB der 
wahre Strom wihrend der Finsternis S sich trennen laBt in den ungestérten 
Anteil S, und einen von der Finsternis herriihrenden Anteil S,: 


S=8, +8, (1) 


Es ist dann das Magnetfeld AH, von S, gleich der Differenz zwischen dem Magnet- 


—> —> 
feld am Tage der Finsternis AH und dem ungestérten Magnetfeld AH,: 


AH, = AH — AH, 2) 


Bei Zugrundelegung eines Koordinatensystems mit dem Zentrum des Kern- 
schattens als Pol (9 = Polabstand) ist die Leitfaihigkeit ¢, von S, (siche Anhang) 


o,(0) = —o,*(0) = o(9) —o, = —ea,I"(9) (3) 


qd 
mit 
O, — Omin 


oy 


— o(9) 
— Omin 
o, = ungestorte Leitfahigkeit. 


o(9) = Leitfihigkeit am Tage der Sonnenfinsternis. 
Minimalwert der Leitfihigkeit zur Zeit der Hauptphase. 


Omin * 

o,*(9) ist positiv, und das Minuszeichen deutet darauf hin, daB S, entgegenge- 
setzt zu S, flieBt. ¢ ist ein MaB fiir den Riickgang der Elektronenkonzentration im 
Zentrum des Kernschattens und hingt von den Rekombinationskoeffizienten der 
einzelnen Schichten ab. Da sich o, wihrend des Schattendurchganges nur wenig 
aindert, ist « praktisch eine Konstante. 

Wegen 

Omin S o(9) ae Gy 

ist (6) die normierte Leitfaihigkeit von S,. Da nun 


o~N, ~f? 
(NV, = Elektronenkonzentration) 
(f = Grenzfrequenz) 
ist, konnen T'(#) und ¢ aus ionosphirischen Grenzfrequenzaufnahmen bestimmt 
werden. In Abb. | sind ['(@) und ¢ fiir die H- und F,-Schicht dargestellt, ermittelt 
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aus Durchdrehaufnahmen, die wihrend der Sonnenfinsternis am 30.6.1954 in 
Norwegen von Brsu und DELoBEAv (1954) gemacht worden sind. Bei der Bestim- 
mung von I'(#) wurde vorausgesetzt, daB der Mondschatten auf der Erdoberflaiche 
rotationssymmetrisch um den Ort des Kernschattens liegt (was streng nur zutrifft, 
wenn die Sonne am Ort des Kernschattens im Zenit steht), und daB der Kern- 
schatten sich mit konstanter (Mittags-Punkt-) Geschwindigkeit itiber die Erdober- 


fliche bewegt. 


dhe 


€E 9 fe -fmmin = 
0:66 


son = 
tg 








90° 
1 


—o {34 + 39 cos 20 + 30 cos 40 + 25 cos 66}. 


Abb. 1. Ausgezogen: I(@) 


Gestrichelt: Tx(6) f.* — f(6) 


Strichpunktiert: ['7,(0)  f,? — f*min 


Ermittelt aus Grenzfrequenzmessungen am 30 Juni 1954 in 
Norwegen (K. Brsu u. F. DELOBEAU) 


Die Ermittlung von S, folgt aus der Beantwortung der Frage: Wie verhalten 
sich die bei konstanter Leitfaihigkeit homogenen und parallelen Stromlinien eines 
Stromfeldes, wenn die Leitfahigkeitsverteilung o,*(9) zugrundegelegt wird? 

Fiir die Berechnung von S, wird die Giltigkeit der Chapman’schen Differential- 
Gleichung der Dynamotheorie vorausgesetzt: 

(Vo°V)S — oV?°S = 0°H,\7*y $ (4) 


Hier ist S dic gesuchte Stromfunktion eines Kugelflachen-Stromes J (curl (Sr) sx. J), 
und y ist ein Geschwindigkeitspotential. Die Vertikal-Komponente des Dynamo- 
Magnetfeldes H, ist willkiirlich konstant gesetzt worden. (Alle GréBen in e.m.u.) 

Das Zentrum des Kernschattens werde zum Pol eines Kugel-Koordinaten- 
Systems (0,A,7) gemacht. Der homogen und parallel flieBend gedachte ungestérte 
S,-Strom stréme in diesem Koordinaten-System parallel zum Null-Meridian 
A = 0° von Siid nach Nord. Der S,-Strom flieBt dann entgegengesetzt von Nord 


nach Siid. 
Fir 
o = o, = const 


wird 
S = —o,H,y(6, A) 


Die zu 


Hy = —k,, Po, (x) sm A (x = cos 6) 


r 
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gehorige Stromfunktion 

S =0,k,, Po, (x) sin A (6) 
(P., ,,(z) sind Neumann’sche zugeordnete Kugelfunktionen) erfiillt nahezu die 
Forderung der Homogenitit in einem Bereich von 6 = 30° um den Ort des Kern- 
schattens (s. Abb. 2). Dies soll der Giltigkeitsbereich des Modells sein. Die sich 
auBerhalb von 6 = 30° schlieBenden Stréme interessieren nicht, da man abschitzen 
kann, daB deren magnetische Wirkung im Giiltigkeitsbereich praktisch vernach- 


lassigbar ist. 


180° 


0:2 











270° 




















fo} 
9) 
6 
wal 
O° 


A 


Abb. 2. Stromlinien der Stromfunktion 
S = 3P,, (cos 8) sin 4. 
Gefragt wird nun nach dem Verhalten der Stromlinien, falls bei gleichem 
Geschwindigkeits-Potential die Leitfaihigkeit eine Funktion von 6 wird. Geht man 
mit dem Ansatz 


io 2) 


S, = eke 10, > 8,1P (2) sin A 
1 


3 
eo — ae 2v 
o* = 60, d> fast 
] 


6 x-1l 
*2__ ,2,2 S 2x 
o,*? = 20,7 d« D7 for Sete—r)% 


in Gleichung (4) ein, so erhalt man 


a 3 
Se Sr euafy | mn + DP, a(z)a® + Peal) 
1 1 


6 «-1 


= OR ate) 2" 2 foto. (7) 
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Aus Symmetriegriinden folgt sofort, daB 

8,1 — 0 fiir ungerade n ist. 
Schreibt man Gleichung (7) explizit, und faBt alle Glieder mit gleichem Exponenten 
von cos # zusammen, so sieht man, daB 

8), — 0 firn >8 wird. 
Ubrig bleiben sieben algebraische homogene Gleichungen zweiten Grades mit den 
sieben Unbekannten: f.; fy; fg; fg; 82,13 84,13 86,1; 8,1; 

19305 

z.B: sin 8 cos! 6 | 18/3 + — fate | = 0 


“ 


: 2079 
sin 6 cos!! 6 | —36f,f, + - jo SeS61 


9 
+ 5 (14300 f, ~ 3003 fe) | = 0 


usw. 
Da die Gleichungen fiir alle 6 gelten, miissen die Klammerausdriicke verschwinden. 


Die Auflésung dieses Gleichungs-Systems ergibt 


34 
521 = 997 fr 


20 
38617? 
Damit wird 
1 
= 9% fo(9u? — 30a4 + 252%) 
f. wird so gewahlt, da8B an der Stelle 6 = 0° 
o,*(0°) = e0, 


ée 


Also 


(6) = en (34 + 39 cos 26 + 30 cos 40 + 25 cos 68). (9) 


Das aus den f,, bestimmte I'(9) ist in Abb. 1 eingezeichnet. Es nahert sich im 
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Giiltigkeitsbereich dem gemessenen I(9)‘an. Die positive Abweichung von I() 
gegentiber dem gemessenen I'(9) wirkt sich giinstig aus, da es der in Abb. 2 ersicht- 
lichen geringen Divergenz der Stromlinien entgegenwirkt. Dagegen macht sich der 
starke Abfall des gemessenen I(@) in der Nihe von 6 = 0° beim Vergleich von 
Messung und Rechnung bemerkbar. AuBerhalb des Giiltigkeitsbereiches ist die 
Leitfahigkeit und damit die Stromdichte klein. Der AuBenstrom tragt also in noch 
geringerem Mae zum Magnetfeld im Giiltigkeitsbereich bei, als das beim Strom 
konstanter Leitfihigkeit der Fall war. 


3. Das MAGNETFELD Von S, 


Das magnetische Potential der Kugelflachen-Stromfunktion S, ist* 
4 | Pe pF Ss: (")" 8 iP (x) sin A (r<a) (10) 
= —477FEO,K n 
g"2,1 2 n+1\e n n 


(r = Erdradius) 
(a = Radius der stromfiihrenden Schicht). 
Die Komponenten des Magnetfeldes sind aus V, bestimmbar zu 
1 ov, 
r 06 
HH, = —- av. = eH, Sac) Y,1(x) cos A 
” rsing dA wees oe 
Pen i 


= —< —eH |) Sn of *s) sin A 


or 


H, = = 6H, dn c,)X,1(x) sin A 


(positiv nach unten!) 
mit den Abkiirzungen 


n 

os 
9, §) 
(2n +1) \a 


(Der Faktor 10° bei H, dient zur Umrechnung von Gauss in y.) 


Die 


P m 
nsing@ ”" (2) 


sind bei ScumrpT (1935) bis n = 6 tabuliert. 


* Aus ZweckmaBigkeitsgriinden werden von nun ab quasinormierte Schmidt’sche Kugelfunktionen 
P,,™(x) benutzt. Die neuen Koeffizienten s,} von S, gewinnt man durch Multiplikation der s,,, mit dem 


r (n + 1)! 
Faktor igth. 
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Die Abb. 3 und 4 zeigen die Strom- bzw. Magnetfeld-Komponenten von S, 
fir «=o, =1bzaw. ¢= H,” =1und r=a. Aus Griinden der besseren Dar- 
stellung ist hier der Ort des Zentrums des Kernschattens auf den Aquator trans- 
formiert worden. Er hat die neuen Koordinaten # = 90°; 2 = 0°. Die Haupt- 
stromrichtung von S, zeigt jetzt parallel zum Aquator von Ost nach West. Die 
dargestellten Kurven sind Schnitte parallel zu den Breitenkreisen. 

Zur Bestimmung von H,” wird das ungestérte Stromsystem S, in der Umgebung 
des Kernschattens durch die Stromfunktion 


So = —k,,06,P,,(z) sin A (12) 
ersetzt, die eine bessere Naiherung als die Stromfunktion der Gl. (6) darstellt. 
Bei der Ermittlung von k,, wird die Tatsache benutzt, da sich die Leitfahig- 
keiten wie die Strome addieren (s. Anhang). 8, wird von S, tiberlagert: 

S=8, +85, 
und es wird gefordert, daB fiir « = 1 am Ort des Zentrums des Kernschattens die 


Stromkomponente j, = 0 sein soll. 
Man erhalt 


oe ae 
Ole smb dA 


’ : 1yi1 
[—ojky Vi 3 ky 10, > 8, Y,,1] cos A 


6 
A 


Die Stromfunktion 
Sy = —1,50,k,,P,1(x) sin A 


erzeugt am Ort des Kernschattens das Magnetfeld 


> nl")\3 “ 
HA, = — a i —H,' (7) 5 cY (x) cos A | = A,[y]. (13) 


H,™ ist also gleich der magnetischen Horizontal-Komponente des ungestérten 
Stromsystems S, in der Umgebung des Kernschattens. 

Die Hohe der stromfiihrenden Schicht wird mith = a —r = 150kmangenommen. 
Eine Anderung dieser Héhe um + 50 km macht sich beim Magnetfeld nur wenig 
bemerkbar. Die Koeffizienten der magnetischen Feldkomponenten sind dann 
(r/a = 0,977) 

co! = 0,5110; = —0,1394 


c4! = 0,3425; = 0,2459 


Tab. 1 enthalt die mit Hilfe dieser Koeffizienten errechneten Werte von 


4 
= >a Con) X 9y,'(2) 


S 
= 
| 

I 


| 
Ae 


. Con! Y,,1(x) 


>n Con Pon 1(2) 


I 
HM ol 
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3. Stromkomponenten der Stromfunktion S, als Funktion 
von 9 = 90° — & dargestellt (A = Parameter): 
= : ] as, i" (@) 4 
a) 9= ; ee a(M) = —) »(—@ 
J g LF agee a a7. J iF J h—) 


0Se ¥ _ 
i; ad ; J iP) ee. aia Pp) 


Ha 


a= 


=~ - 








Abb. 4. Magnetfeldkomponenten von S,, als Funktion von m = 90° — # 
dargestellt (A = Parameter) 

DOV: 

r Op’ 

1 eV. 


rsind? 


—Hy = Hg (v) = H¢(—¢@); HH, = 
H, (yp) = —H,(—¢); 


H, (~) _ —H, (—9); 
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Tabelle 1 





Z 


0,791 0,000 
0,746 0,236 
0,624 : 0,426 
0,463 0,539 
0,305 0,577 
0,182 ).£ 0,563 
0,102 ), 0,534 
0,046 3e 0,519 





4. Der E1nrtu8 DES IM ERDINNEREN INDUZIERTEN 
é 
ANTEILS DES MAGNETFELDES VON S, 

Die Induktionswirkung des Magnetfeldes von S, im Erdinneren kann grob 
abgeschitzt werden. Nach CHAPMAN (1919) stammt etwa ein Drittel des am 
Erdboden gemessenen Variationsfeldes S, von im Erdinneren induzierten Stromen 
her. Die Horizontalkomponente wird durch das Magnetfeld der induzierten 
Stréme vergroBert, wihrend die Vertiakalkomponente geschwicht wird. 

Ks ist also 

(a) — 2 
FF Ae) = O78. 


wo H, die am Erdboden gemessene ungestérte Horizontal-Komponente von S, 


7 
bedeutet. 
Der Einfachheit halber werde ein Ost-West-Schnitt von S, betrachtet 


(A = +90°). 
Dann ist der iuBere Anteil von S, 
H,®| = H, = 2H, eX (6) 


H,®| = Z = §H 2Z(0) 


Der innere Anteil sei 


A, 7 EH, X(8) 
Z, = nH Z(0) 


Gemessen wird jedoch 


H, =H, + H,© = (2 + £)HX(6) 


é 


Z, = 20 — 2) = (2 — n)HeZ(6) (15) 


e 


Nahert man nun S, durch einen Linienstrom an und nimmt an, da8 der induzierte 
Strom ebenfalls als Linienstrom ohne Phasenverzégerung in entgegengesetzter 
Richtung in der Tiefe F = « h (h = 150 km) flieBt (s. Abb. 5), so erhailt man 


die Beziehung 
Z,@) Z, 


= @ 
(i) 
HA, A,“ 
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oder wegen 


saci und ae 

i. @ | 

§ = a7. 

Aus den Beobachtungsergebnissen wird ersichtlich, daB 
24x 1 und 

ist. 

Damit 


> 


> © << © 





iS PREIS PL EEF 


= 


g 
> 


. 
. 
. 
. 


-S i) 
oe 
Abb. 5. Magnetfeldkomponenten des Linienstromsystems (S,; S,') 


Die Horizontal-Komponente von S, wird um 1/3 vergr6Bert, waihrend die Vertikal- 
Komponente um 1/6 geschwiacht wird. Der induzierte Strom flieBt in 300 km 
Tiefe. 
5. VERGLEICH MIT BEOBACHTUNGSERGEBNISSEN 

Fiir den Vergleich der Rechnung mit magnetischen Beobachtungsergebnissen 
bei Sonnenfinsternissen standen Messungen vom 30.6.1954 und zahlreichen mehr 
oder weniger vollstaindige Daten von friiheren Sonnenfinsternissen zur Verfiigung, 
die zumeist von BAUER im Terrestrial Magnetism gesammelt worden sind. Eine 
eingehende Diskussion dieser erdmagnetischen Beobachtungen ist an einer anderen 
Stelle erfolgt (VOLLAND, 1956). 

Abb. 6 zeigt als Beispiel die AH, von Niemegk vom 30.6.1954. Die ausge- 
zogenen Kurven stellen 
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(AX = Nordkomponente am Tage der Finsternis; AX, = ungestérter Verlauf 
der Nordkomponente, ermittelt aus den Stundenmitteln der fiinf benachbarten 
erdmagnetisch ruhigen Tage usw.). ue 

Gestrichelt sind die errechneten Werte von AH, = (AX,; AY,; AZ,) einge- 
zeichnet. Diese sind durch eine Koordinatentransformation aus den H,; H,; 
H,(Gl. 11) und mit den Daten H, = 40y und ¢ = 0,65 ermittelt. 

Die Ubereinstimmung ist im Rahmen der zu erwartenden Genauigkeit 


befriedigend. 











| 


| | | 
13.30 14.00 


Ro] | 
11.30 12.00 12.30 13.00 
G.M.T 
Abb. 6. Ausgezogene Linien: Die Differenzkurven (AX, = AX — AX, usw. der drei 
erdmagnetischen Komponenten von Niemegk am Tage der Sonnenfinsternis vom 30.6.54. 
Gestrichelte Linien: Berechnete Werte von AX,, AY, und AZ,. Die strichpunktierte 
Linie gibt die Zeit der Hauptphase an. 





6. ZUSAMMENFASSUNG 


Wenn das ungestérte S,-Stromsystem in der Umgebung des Mondschattens 
durch ein homogenes und paralleles Flichenstromsystem angenadhert werden 
kann, was in mittleren und niederen Breiten zu gewissen Zeiten moglich ist, dann 


stellen die Feldkomponenten 
H, = eH,X(6) sin A 
H, = eH,Y(0) cos A 
H, = —teH,Z(6) sin A 
die Abweichung vom Normalwert des Magnetfeldes von S, bei einer Sonnen- 


finsternis dar, wenn der Ort des Zentrums des Kernschattens mit dem Nordpol des 
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Koordinatensystems (9, A) zusammenfiallt und der ungestérte S,-Strom im gleichen - 
Koordinatensystem parallel zum Nullmeridian A = 0° von Siid nach Nord in 
einer Héhe von 150 km flieBt. Dabei ist H, die gemessene Horizontalkomponente 
des ungestérten S,-Stromes in der Umgebung des Kernschattens, und 


F* mie 
ee 
ist ein MaB fiir den Riickgang der Grenzfrequenz der E-bzw. F,-Schicht im 


Zentrum des Kernschattens. 

Der Faktor 1/2 bei H, beriicksichtigt die Induktionswirkung von S,. Die 
X(6); ¥(0); Z(0) sind in Tab. 1 berechnete Funktionen von @. 

An Hand eines Beispiels wird die Leistungsfihigkeit der Theorie gepriift. 


oe 


6. ANHANG 


Die Frage, ob sich die Leitfahigkeiten wie die Stromfunktionen addieren, soll an einem 
einfachen, ebenen Modell untersucht werden. Bei Zugrundelegung eines Kartesischen Koordi- 


natensystems und 
H, = const. + 0; H, =H, =0 


y = cy; c = const. 
lautet die Chapman’sche Differential-Gleichung (s. G1. 4) 
—~(VYo: V)S+ 0V*S =0. 
Es sei nun 
a(y) = 9, + o,(y) 


mit 


Og = const. 


o(y) = —ogel'(y) 
(Die Bedeutung der Symbolik ist die gleiche wie bei den Gl. 1, 3 und 3a). 
Damit bei dieser Leitfahigkeit o(y) 
S=8S,+8, 
Lésung von Gl. (16) wird, wenn S, und S, einzeln Lésungen von Gl. (16) bei den Leitfahigkeiten 
6, bzw. o, sind, mu8 die Bedingung 
—(Vo,: V)S, + o,V*S, = 0 (17) 
erfiillt sein, wie man leicht verifiziert, wenn man o(y) und S in (16) einsetzt. 
Die Lésungen der Einzel-Gleichungen lauten, abgesehen von belanglosen additiven Kon- 


stanten, 


y 
S, = jy: S, = ~«i, [ T( ”) dn. 
0 


S, und 8, erfiillen die Bedingung (17). S = S, + S, ist also Lésung von (16). Weiterhin gilt fir 
den Strom : 
.  aeer ein a 
Ja = Gy = Ia t Je =Jjqil — eD(y)} = E(o, + ,) . (18) 
Im eindimensionalen, ebenen Fall sind also die Leitfahigkeiten den Stré6men proportional. 
Fiir das zweidimensionale, oben behandelte Modell gilt dies nicht mehr, wie schon die 


Eindeutigkeit der Lésung, Gl. (8), zeigt. 
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Man kann jedoch die plausible Annahme machen, da8 in diesem Falle das Additionstheorem 
in der Umgebung des Kernschattens eine geniigend gute Niiherung darstellt. Die Rechtfertigung 
dieser Annahme liefert allerdings erst der erfolgreiche Vergleich mit den MeBergebnissen. 

Das Ergebnis (18) widerspricht tibrigens der Vorstellung, die CHAPMAN (1933) seiner Rech- 
nung zugrundegelegt hat. CHAPMAN, dessen Modell ganz dem eben behandelten eindimensionalen 
Fall entspricht, hatte als Ausdruck fiir ¢, das er k nennt, benutzt: 


js Gq ea Omin 


Og a Omin 
wahrend oben gefunden wurde (GI. 3a): 


q — Fmin 
0, 


qd 


Das Verhialtnis von Horizontalkomponente der magnetischen Feldstiarke im Kernschatten 
Hin und ungestérter Horizontalkomponente H, ist jetzt nach Ersetzung von k durch « und bei 
Onin = 9,350,undh =a —r = 150 km 
bei dem oben behandelten Modell: 

H 


= 0,50 —a = 0,51. 
Hi, 


bei CHAPMAN: 
Ain 
qa 


Anerkennung—Herrn Prof. Dr. O. HacHEenBEerG bin ich fiir sein forderndes 
Interesse und fiir die Erméglichung der Durchfiihrung dieser Arbeit im Heinrich- 
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Lunar variations of the F2 layer at Ibadan 


R. A. Brown 


Physics Department, University College, Ibadan, Nigeria 
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Abstract—Regular readings of F2-layer parameters taken at Ibadan from December 1951 to April 1954 
have been analysed for lunar and luni-solar variations. Harmonic analysis shows that the lunar varia- 
tions of h,, F2, y,,F2,f,F2, and h’F2 are semidiurnal and of considerable amplitude. These variations 
are presented as harmonic dials. They show marked seasonal variation of amplitude and phase. The 
luni-solar effects are also large; the phase of the lunar oscillations changing by particularly large amounts 
during the course of a solar day. Values of the recombination coefficient at various heights in the F'2 
region are deduced from the luni-solar variations, and shown to be consistent with an exponential 
decrease with height. 


1. INTRODUCTION 


ALTHOUGH the tidal variations of the equatorial ionosphere are known to be 
large in amplitude, and to differ considerably in phase from the tides observed 
at higher latitudes, they have been studied in detail for one station only. Martyn 
(1947) has made a study of the lunar and luni-solar variations of height and 
critical frequency of the F2-layer at Huancayo, and his results are largely supported 
by McNisu and Gautier (1949) for noon values of f,/2 only at Huancayo, and 
OsBoRNE (1952) for noon values of f, #2 only at Singapore. McNIsH and GAUTIER, 
however, find no evidence of any luni-solar effects at Huancayo, and it seemed 
desirable therefore to make a detailed analysis of these effects for a second equa- 
torial station. 

The analysis for Ibadan given below is based on the routine measurements 
of F2-layer parameters made from December 1951 to April 1954, using an automatic 
ionospheric recorder lent by the Radio Research Station of D.S.I.R. From the 
photographic record, the values of h’F2 are read directly with an accuracy of 
about +5 km, and those of f,F2 to +0-1 Me/sec. The values of h,, F2 and y,,F2 
are found either by the method of APPLETON and BErynon (1940), or by the use of 
transparent sliders of the type described by PiecoTr (1953), and are accurate 
to about +10km and +15 km respectively. There are considerable gaps in 
the records, caused mainly by failures of the power supply, and after removing 
months for which no records or very few records were obtained, there remain 
twenty-four months for which it is possible to investigate the variation of h,, F2, 
y,, £2, and f,F2, and twenty-five months for h’F2. (For most of February 1954 
the recorder was not working on frequencies above 7 Mc/sec.) 


2. ANALYSIS OF THE DATA 


The data were analysed by what is essentially the method of CHapMAN and 
BarTELs (1940). The mean solar diurnal variation was subtracted from the 
readings for each month, and the data rearranged according to lunar time. In 
this way the mean lunar diurnal variation of the parameter was obtained for 
each month, with readings at intervals of one-twenty-fifth of a lunar day 
(approximately one solar hour). 
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In order to reduce the amount of computation necessary to decide which 
components of the lunar variation are significant, the full analysis of CHapmMAN 
and BARTELS was not applied to the individual monthly variations. Instead, 
a weighted mean was found for each calendar month for all the years in which 
readings were available. In all, the lunar variations for eleven ‘‘mean months” 
were found in this way. (There were no readings for October of any year.) 















































01 Mc/s ~* | 
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04 08 
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Fig. 1. Harmonic dials showing mean lunar semidiurnal tides in /'2-layer parameters 
at Ibadan. 
@ Months of southern solstice. © Equinoctial months. © Months of northern solstice. 


N 














The first four harmonic components of the lunar diurnal variation of the 
parameters for each ““mean month” were then evaluated and plotted on harmonic 
dials. When probable error ellipses were constructed on these diagrams, it was 
found that, in each case, only the second harmonic component was significant. 
The individual monthly lunar diurnal variations of the four /2-layer parameters 
were then subjected to harmonic analysis for the second component only. The 
results of this analysis are shown in the harmonic dials of Fig. 1. The mean value 
and its probable error ellipse are also shown. The amplitude (P,) and time of 
maximum (f,) in lunar hours after local lunar transit, of the mean tide are given 


in Table 1. 
Three symbols have been used in plotting the points on the harmonic dials 


145 








R. A. Brown 


Table 1. Amplitude and phase of the lunar semidiurnal tides in the F2-layer 
parameters at Ibadan, with the mean results for Huancayo 





i. P, a : . ty 


(lunar (km) (lunar (Me/sec) (lunar (km) (lunar 
hours) hours) hours) hours) 


Northern solstice 
Equinoxes 
Southern solstice 





Mean 





Huancayo mean 
(MARTYN) 









































0-1 Mc/s 


aE 


























Fig. 2. Harmonic dials showing seasonal variation of the tides 
in the F2-layer parameters at Ibadan. 
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of Fig. 1: @ for the months around the southern solstice (November, December, 
January, February (S)), © for the equinoctial months (March, April, September 
(Z)), and © forthe months around the northern solstice (May, June, July, August (V)). 
These three symbols are distributed over the diagrams in very different ways, 
and when the mean for each group was calculated, three well separated points 
were found. The amplitudes and phases of these seasonal means are also given 
in Table 1. Probable error ellipses were drawn from the distribution of each 
group of points on the harmonic dials. The seasonal means and their probable 
error ellipses are shown in Fig. 2. The seasonal effects are well marked in all 
four parameters. 


Table 2. Lunar tidal components for groups of three solar hours 





Um F'2 | fF 2 


Solar time 
P, ty Ps he 


(km) (lunar (Me/sec) (lunar (lunar 
hours) hours) hours) 








R. A. Brown 


One other analysis of the data was made—to determine the luni-solar variations. 
If the response of the ionosphere to external forces is not a linear function of 
height, the solar and lunar tidal forces may be expected to interact, and the 
lunar coefficients of the variation of the layer parameters will depend on solar 
time. If the available data are split into twenty-four groups, in order to determine 
the lunar tide separately for each hour of the solar day, the probable errors in 
the final amplitudes and phases are increased at least five times over those for 
the mean tide. For this reason it would seem necessary to pay particular attention 

00 O1 



























































O05 


Fig. 3. Harmonic dials showing luni-solar effects at Ibadan. 


to the significance of the results of such a luni-solar analysis, though this seems 
not to have been done previously. The apparent discrepancies between the 
results of Martyn, and McNisu and Gautier for Huancayo may be due to 
insufficient accuracy in the determinations. 

It was felt that the data available for Ibadan were inadequate to determine 
separately the lunar variations for each solar hour. Instead, the readings (after 
the removal of the monthly mean solar variation) were split into eight groups, 
each containing readings for three solar hours centred on one of the times: 0000, 
0300, 0600, 0900, 1200, 1500, 1800, or 2100 GMT. The lunar coefficients were 
then evaluated separately for each of these groups. The results of this analysis 
are given in Table 2, and are illustrated on harmonic dials in Fig. 3. The method 
of calculation used prevented the construction of probable error ellipses as on 
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the other harmonic dials, but an estimate of the errors involved was made. The 
error in the co-ordinates of a representative point on the dial was assumed to be 
inversely proportional to the number of individual readings of the parameter 
used in deriving the point. A circle can then be drawn round each point with 


radius V(A]z)(no/n4), where A is the area of the appropriate probable error ellipse 
in Fig. 1, n, the total number of readings of the parameter, and n, the number of 
readings used in deriving the point concerned. These circles give a rough idea 
of the “reliability” of the points shown in Fig. 3. The luni-solar variations appear 
to be significant in all cases except that of h’F2, and are most clearly marked 
in the case of f, F2. 


3. THE LUNAR VARIATIONS 


The mean lunar semi-diurnal tides in the F2-layer at Ibadan are very similar 
in magnitude to those found at Huancayo by Martyn (1947), but are slightly 
advanced in phase. Marryn’s results are included in Table 1 for comparison. 

The tide in h,, has an amplitude of 7-7 km, the maximum upward displacement 
occurring 8-1 lunar hours after the local lunar transit. The seasonal effects consist 
principally of a considerable increase in amplitude during the months around 
northern solstice, and an advance of about one hour in phase in the months 
around southern solstice. 

The semidiurnal variation of y,, has an amplitude of 7-0 km, and its maximum 
8-9 lunar hours after transit. The most remarkable characteristic of the y,, varia- 
tion is its regular lag behind the variation of h,,. Despite the scatter of the 
points on the harmonic dials of Fig. 1, the month-to-month variation of the y,, 
tide follows that of h,, closely, so that, in all but three months out of the twenty- 
four, its phase is retarded on that of h,,. Consequently, the seasonal change of 
phase is also very similar for the two parameters, although the y,, tide has its 
greatest amplitude in the months around southern solstice. The phase-lag of the 
y, tide on that of h,, is difficult to explain except in terms of a gradual retardation 
of the phase of the tidal drift of ionization with height. This is not, however, 
supported by anysignificant difference in phase between the h,, and h’ F2 variations, 
nor by the latest drift theory of Martyn (1955). No other results for the lunar 
semidiurnal variation of the /'2-layer semithickness y,, are available for comparison 
with those for Ibadan. A very similar lag is, however, noticeable in the mean 
solar diurnal variations of h,, and y,,. A rapid increase in h,, begins immediately 
after sunrise at 0600 GMT, whereas y,, decreases gradually till 0700 GMT, and 
then increases rapidly. Again, the maximum value of h,, is attained between 
1000 and 1100 GMT, while the maximum of y,, occurs between 1100 and 1200 GMT. 

The phase of the lunar semidiurnal variation of f)/2 is the most striking dif- 
ference between equatorial stations such as Ibadan and Huancayo, and the rest of 
the world. At Ibadan the f,/2 variation has an amplitude of 0-12 Mc/s, with the 
maximum at 3-8 lunar hours after local transit, in marked contrast to the average 
10 hours of higher-latitude stations. The seasonal change in this tide is very regular. 
At southern solstice the amplitude is much smaller than at northern solstice, 
and the phase advanced by about two hours. At the equinoxes, amplitude and 
phase have intermediate values. 
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The tide in h’F2, although much smaller, is in phase with that in h,, F2. 
(Amplitude 2-2 km, maximum at 8-2 lunar hours after transit.) The only signifi- 
cant seasonal variation of this tide is the increase in the amplitude in the months 
of southern solstice. In this respect it resembles the tide in y,,,. 

While the mean tides at [Ibadan and Huancayo are very similar, their seasonal 
effects are quite different. The phase changes in the height variations at Ibadan 
are like those found by DELOBEAU (1955) at Dakar, the nearest station to Ibadan 
for which results are available. This similarity does not extend to the variations 
of critical frequency, however, and since DELOBEAU gives no assessment of his 
errors from which the reality of his seasonal effects can be judged, no importance 
can be attached to this similarity. The seasonal change of the amplitude and 
phase of the Ibadan f, 2 tide is, in fact, very like that found by Martyn (1948) 
at Canberra. 

The phases of the tides in both h,, and y,, show a much larger change from 
equinox to southern solstice than from northern solstice to equinox. The phase 
thus varies roughly with the noon value of the sun’s zenith angle, which has the 
same average value at Ibadan for the months around northern solstice and those 
around the equinoxes, but a lower mean value for the months around southern 
solstice. The phase of the f,F2 tide, on the other hand, seems to vary with the 
length of day, being most retarded when the day is longest. The errors in the 
seasonal analysis of the h’F2 tide are such that the phase variations found are 
not significant. 

There is no seasonal variation of the average height of the F2-layer at Ibadan 
which could be used to explain the seasonal change in the tides. 

Martyn (1955) has shown that if the lunar variations of the F2-layer are 
assumed to be small compared with the solar variations; that if the recombination 
coefficient « is assumed to decrease exponentially with height; and that if the 
effects of ion production, (solar) drift divergence, and diffusion are neglected; 
the lunar semidiurnal variation of f, #2 should lag behind that of h,, by an angle: 


y = tan“ (w/aN,,) . 


where 2m is the pulsatance of the lunar semidiurnal tide. From Fig. 1, the mean 
value of y for Ibadan is 231°, from which, using the mean value of f, F2 for the period 
concerned, 7-05 Mc/sec, a value of the apparent recombination coefficient can be 
calculated: 

a = 0-92 x 10-19 cm-3 sec-! 


at an average height (h,,) of 340 km. This is in reasonable agreement with the 
values of « found by other methods. 


4. THE LUNI-SOLAR VARIATIONS AND THE 
LECOMBINATION COEFFICIENT 


The lunar tides in the #2 layer over Ibadan show large changes in both ampli- 
tude and phase in the course of the solar day. For all parameters the amplitude 
tends to be a maximum at about midday, i.e. when the height of the layer is 
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greatest. In fact, the amplitude is roughly proportional to h,,. In this respect, 
the luni-solar variations are similar to those found for Huancayo by Martyn (1947). 

There is no simple relationship between the phases of the tides and any other 
parameter of the layer. The phase tends to be gradually retarded throughout 
the day, after an initial advance in some cases. There appear to be large altera- 
tions during the night, although the accuracy of the results is usually insufficient 
to be certain of their nature. The most regular change of phase is shown by the 
tide in f,F2, which, after a rapid change soon after sunrise, undergoes a steady 
phase retardation of about one half lunar hour per solar hour throughout the 
rest of the day and night. This is of the same nature as the change at Huancayo 
found by Martyn, although of considerably smaller magnitude. 

The phase difference between the tides in h,,F2 and f,F2 shows a regular 
height variation. Consequently, values of the recombination coefficient calculated 
from the phase differences at different times also show a regular height variation. 
Table 3 gives values of y and « at various times. The values of « have been obtained 


Table 3. Values of the recombination coefficient and attachment coefficient 
from the luni-solar variations 





foF2 ax 1 a’ x 105 


GMI (Me/sec) (em~% sec) (sec) 


0000 Zze 1-00 
0300 2s negative 
0600 20: 0-466 
0900 0-122 
1200 } 2:47 
1500 242 1-88 
1800 22 1-15 
2100 Be negative 





from equation (1), using the mean values of f, #2 for the various intervals, which 
are also given in Table 3. A graph of log,,« against the corresponding mean 
values of h,, is shown in Fig. 4, which is consistent with the suggestion that the 
value of « decreases exponentially with height. (The point in the circle is the value 
previously calculated from the mean tide.) 

If the equation of the straight line drawn through the points of Fig. 4 is written 
a = ae’, this gives: 


logig « = logy) %) — K(h,, — ho)/(2:303 Hy) 


where H, is the “‘scale height” of the layer. The slope of the line is —K/2-303H,, 
and the measured value is —1/140, which corresponds to K = 1 if Hy = 60 km. 

It is also possible to interpret the phase difference between the lunar tides 
in h,, F2 and f,F2 in terms of an attachment coefficient «’ instead of a recombination 
coefficient. In this case, an argument very similar to that of MArTyn’s (1955) gives: 


y = tan-! (2w/«’). (2) 
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Values of «’ calculated from this expression are also given in Table 3. A graph 
of values of «’ against h,, is also shown in Fig. 4. The scatter of the points from 
the straight line is rather worse than in the corresponding graph for «. 

In deducing these values for « and «’, the effects of solar drift divergence, ion 
production, and diffusion have been ignored. This is also true of other methods 
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Fig. 4. Values of the recombination and attachment coefficients derived from the luni-solar 
effects at Ibadan. x Recombination coefficient. [) Attachment coefficient. Values in 
circles are obtained from the mean tide. 


? 


giving similar results. The values of « obtained are “effective «’s,” and include 
the effects of divergence and diffusion. Some estimate of the size of these effects 
can, however, be made. Following FERRARO (1945) and Martyn (1955), we 
can write the rate of change of ionization density at the maximum of the F2- 


layer as: 


oN y N ma 2 j 
ot ). ae sae aN - ie age oxP (2m) sin? I(p? Zag 1) a Nin div v (3) 


where d, is a diffusion constant, 6 = y,,/2H», and v is the drift velocity of the 
ionization. Normally, 6 1, and the direct effect of the diffusion term may be 
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neglected. If, following Martyn, we assume that there is a lunar perturbation 
of the height Az,, = z, cos 2wt, which produces a perturbation of the electron 


density V,, we have from equation (3): 


dN - . oq 
ae + (2aN,, + div v)N, = (2s met 4 2, COS 2ot (4) 
The term involving d*v/dz* has been neglected, as it can be shown to be much 
smaller than the others. (v.i.) 

If we wish to consider the solution to this equation for one given solar time 


: 0q 
only, we may, as a first approximation, consider div v and 3 to be constants. 
yA 


a 


If this is so, the solution to equation (4) becomes: 


(2mt — vy) 





XN, => 
1 V/(2aN,, + div v)? + 40? 
2m 
yith 4 = tan ( — ). 
™ Y : 2aN,, + div v, 


/ 


Thus, the ion-production term affects only the amplitude of the lunar variation 
of critical frequency, while the phase difference y is affected by div v only. 

In a separate analysis of the solar diurnal variations of the F2-layer (to be 
published) I have calculated values of 2«N,,, and estimated (following Martyn) 


values of div v and d*v/dz? throughout the day. From these it appears that at 
all times other than noon, 2«JN,,, is at least five times as great as div v. At noon, 
the ratio 2«N,,/div v may be as low as 2. The effect of neglecting the solar-drift 
divergence is thus to make the deduced daytime values of « too high, and the 
night-time values too low. The error (except at noon) should never be greater 
than 20%. This is also true of the values deduced for «’. 


5. CONCLUSION 

The agreement between the mean lunar tides at Ibadan and Huancayo provides 
confirmation of the large differences between the lunar ionospheric tides in the 
equatorial regions and those in other parts of the world. The lack of similarity 
in the seasonal effects is, however, disappointing, although there does not in fact 
seem to be any regular pattern in the worldwide seasonal variations of the lunar 
ionospheric tide. It is probable that they are influenced largely by relatively 
local peculiarities of the earth’s magnetic field. In this connection it should be 
noted that, although the latitude of Ibadan is 7-5° N and its geomagnetic latitude 
is about 10° N, the magnetic dip is 5°S. It is, therefore, not to be expected that 
any simple theory of lunar tides, based on latitude (or more probably on geo- 
magnetic latitude), could explain their detailed variations. The luni-solar effects 
seem to decrease rapidly with increasing latitude. The effects found at Huancayo 
by Martyn (1947) are large; those described here for Ibadan are considerably 
smaller; while those found by Martyn (1948) at Canberra are much smaller still. 
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Although the theory of Martyn (1955) accounts satisfactorily for the difference 
in phase between the tides in h,,F2 and f,F2, there is as yet no explanation of 
the individual effects. The earlier theory of Martyn (1947) relied on a regular 
change of drift phase with height, and had to be discarded when the revised 
dynamo theory of Baker and Martyn (1953) was published. Nevertheless, 
such a height variation of phase seems at present to be the only way of accounting 
for the luni-solar effects and the difference in phase between the tides in h,,F2 


and y,, F2. 
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RESEARCH NOTES 





Sweep-frequency oblique-incidence experiments over a distance of 1820 km 
(Received 16 April 1956) 


From June to September 1954 half-hourly sweep-frequency records were carried out between 
Lindau (transmitter) and Keimola near Helsinki (receiver). The frequency range was 
1-16 Mc/s, the power of the sender 50 kW. Detailed informations about the equipment have 
been published (DIEMINGER et al., 1955). The main purpose of the experiments was to 
investigate the influence of the eclipse of 30 June 1954 on the propagation conditions over 
a path of 1320 km. The midpoint of the trajectory Lindau—Helsinki was situated in the belt 
of totality for the H layer. Vertical soundings were carried out simultaneously at Ekenaes, 
approximately 50 km off the midpoint, by Swedish scientists, and at Lindau. This is to 
describe the main results very briefly. Details will be given in separate papers. 

(1) The effect of the eclipse was observed very distinctly on the F/ and F2 paths. 
It was possible to derive the critical frequencies of FJ and F2 at the reflection point with 
sufficient accuracy from the oblique-incidence records. No results were achieved for the 
E layer, because of blanketing sporadic £. 

(2) A detailed analysis of a great number of records yielded that nearly correct results 
for both the low-angle and high-angle ray were obtained in applying the “transmission 
curve’ method to the ordinary ray under the following assumptions: no magnetic field, 
plane ionosphere, curved earth. Slightly larger deviations were found for the junction 
point (MUF). 

(3) An “inverted transmission curve’ method has been developed to derive critical 
frequencies at vertical incidence from oblique-incidence records. The ratios of the critical 
frequencies derived in such a way (f*) to the observed ones (f°) are as follows: 


Median value Standard deviation 
[etl -PFi= 1-01 :1 Go, = 24% 
[*F2: fs = 1:01 :1 Og = 4% 


If the MUF of the F2 layer is derived in the usual manner from vertical sounding, the 
following ratio of MUF,, (observed) to MUF, (calculated) was obtained 


MUF,, : MUF, = 1-04:1 oyur = 6%. 


(4) The result, o, > o,, appears to be due to the larger inhomogeneities of the /2 layer. 
It is also reasonable that yyy > oy, since the MUF depends both on the electron density 
and the virtual height of the layer. 

(5) The result that the median value of MUF,), : MUF, is greater than the corresponding 
value of f* F2 : f° F 2 may be partly explained by the curvature of the ionosphere, because the 
difference is getting smaller if the curvature is included. A preliminary calculation shows 
that the influence of the curvature is greater for the junction point than for the high-angle 
ray, in accordance with the observations. The correction depends in the first order, not on 
the length of the path through the ionosphere, but on the change of the angle of incidence 
to the lower boundary. In addition, a wavelike structure of the ionosphere increasing or 
decreasing the curvature slightly on certain spots will affect mainly the MUF. Focusing 
effects may cause a one-sided selection of the higher frequencies. 


~~ 
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(6) In contrast to the observations of SULZER (1955), echoes extending from the junction 
point towards higher frequencies were frequently observed even for the short path of 1320 km. 
These “‘whiskers”’ are seen only at night on approximately 10°, of the records and during 
the eclipse. They change in shape distinctly from one record to the other (half-hour). 
The top frequencies of the whiskers are up to 10%, higher that the respective MUF’s. 
No correlation has been found with sporadic £ conditions up to now. 

This work was carried out by the Institut fiir lonospharenforschung at Lindau with the 
assistance of the Finnish and the German Postoffice. 


Institut fiir Ionosphirenforschung H. G. MOLLER 
Lindau, Germany 
REFERENCES 
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Measurement of auroral radiation 3200 A with 
a photon counter (Geiger tube) 


(Received 17 April 1956) 


BarBreR and WILLIAMS (1950) obtained a spectrogram of the aurora at College, Alaska, 
which indicated emission lines at 3161 A and 3140 A (second positive bands of N,). It is 
difficult to construct a filter which would isolate these two lines so that their combined 
intensity could be measured by a conventional photoelectric photometer. For this reason, 
an attempt was made to measure the intensity of auroral radiations 3161 A and 3140 A with 
a photon counter. 

Geiger tubes with a copper cathode may be used as photon counters for ultra-violet 
radiation. The long-wave side cutoff is not as sharp nor necessarily at the place indicated 
by the work function of the copper. 

The photon counter was exposed to the light from the sky during a weak auroral display 
and during a strong auroral display. The background counting rate was 33 counts per 
minute when the Geiger tube was covered with a sheet of paper. When the Geiger tube was 
exposed to the aurorae, the counting rate varied from 44-5 counts per minute for a weak 
aurora near the north horizon to 26,600 for a strong aurora covering the entire sky. 

The following procedure was adopted to get an approximate measure of the number of 
photons striking the Geiger tube during the strong auroral display. It was determined that, 
when | cm? of the copper cathode was exposed to the radiation from a germicidal lamp at a 
distance of 2440 m, the Geiger tube gave one count per 2:3 x 10~> ergs/sec. After suitable 
corrections were made for the absorption of the quartz prism, spectral energy distribution of 
the hydrogen are, etc., the Beckman quartz spectrophotometer indicated that the counting 
rate was 4200 times as great at 2537 Aas at 316A. If, as a first approximation, the 3140-A 
line is ignored, the strong auroral display apparently illuminated the Geiger tube with 
4 10! photons/sec. The conversion to photons emitted per square centimetre column is 
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difficult to estimate because of the nonuniformity of the aurorae, the cylindrical shape of 
the copper cathode, and the relatively large and unknown atmospheric extinction coeffi- 
cient. It appears that the photons emitted per square centimetre column per second was 
at least one hundred times that usually given for the 5577-A airglow in the middle latitudes. 

A copper-cathode Geiger tube is a satisfactory device for measuring the intensities of the 
3161 A and 3140-A lines in aurorae. 


U.S. Naval Ordnance Test Station, Epwarp V. ASHBURN 
China Lake, California, and 
Geophysical Institute, University of Alaska, 
College, Alaska 
REFERENCE 
Barsier D. and WittiaMs D. R. 1950 J. Geophys. Res. 55, 401. 





Height distribution of auroral emissions 
(Received 7 May 1956) 


Pdeded 


Abstract—The height distribution of the emissions 5577, 4728, 6300, and 6450 across an auroral arc has 
been measured by means of a photometer. The 6300 emission exhibits a slower decrease with height 
than the other emissions. The effect is considered as due to a decrease in collisional deactivation with 
height of the long-lived D state. 


THE height distributions of different emissions in auroral forms have been studied by 
different methods. For qualitative measurements, small spectrographs of high light 
power have been directed towards different angular heights of auroral forms in succession, 
and intensity effects have been recorded. Filter photography in various colours has also 
been tried. Of special interest is the height distribution of various spectral lines and bands 
within one single auroral form. MEtrvet (1954) has published a photometric study of the 
height distribution of a number of bands and lines within an auroral are. The image of 
the arc was projected on the vertical slit of a spectrograph, and photometer tracings were 
made along the length of each spectral line. The photometry showed a different height 
distribution for the OI lines 5577 and 6300. The red doublet exhibited a considerably 
slower decrease with height than the green line, and the character of the intensity curves 
for the two lines was different. 

In a previous paper (OMHOLT and Harana, 1955) a photometer with a rotating filter 
plate was described which was used for recording the simultaneous intensity fluctuations 
with time of 5577 and the nitrogen band 4278, from which the lifetime of the S state could 
be determined. This photometer has now been improved and used for determining the 
luminosity curve with height of different auroral forms. The rotating filter plate was 
furnished with four interference filters and rotated with a speed of twelve rotations a 
second. The light pulses were recorded by means of a 1P22 photomultiplier, amplifiers, 
and a double-beam cathode-ray tube on a rapidly moving film. The auroral form was 
focused on the multiplier through an objective of 60-cm focal length, and through the 
window of the multiplier an area of 1° x 1° was cut out of the auroral form. The photo- 
meter could be elevated slowly in a vertical plane at a speed of 1° per sec. On the film 
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strip consecutive pips giving amplitudes of luminosities in four spectral regions could be 
recorded. The interference filters had maxima of transmissions at the wavelengths of the 
two OIF lines 5577 and 6300 and the nitrogen bands 4278 and 6450. Now, the spectral 
sensitivity of the photomultiplier is very low in red, and in order to equalize the red and 
green-blue regions the voltage pips from the multiplier were amplified through two separate 
channels of different niveaus and displayed separately on a two-beam oscillograph. In 
Fig. 1 the height distribution of an intense auroral arc is shown, each point representing 
the amplitudes of the consecutive light pips. The arc appeared on the northern sky at an 
elevation of 30°. In the region of greatest luminosity the amplitudes of 5577 and 4278 
went off scale, but the different character of the height distribution of 6300 compared 
with the other emissions is evident. 
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Fig. 1. Height distribution of emissions in an auroral arc. 





To the right, ratios of the normalized intensities are shown. Two effects are evident 
from the curves. The 6300 line exhibits a slower decrease with height than the other 
emissions. At the lower border the 6300 line exhibits a more rapid decrease than the other 
emissions. 

In a previous paper (OMHOLT and HaRaAnG, 1955) a value of the lifetime of the S level 
of 0-75 sec has been determined from the intensity fluctuations in 5577 relative to the 
nitrogen band 4278. The analysis of the records also gave an indication that a probability 
of collisional deactivation of the S level of the order 0-1 sec! may appear. For the D level 
one must assume a lifetime of the order of 100 sec: the effect of collisional deactivation 
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will therefore here be more pronounced than for the short-lived S level. The diverging 
character of the height distribution of 6300 can be considered as due to a strong increase in 
collisional deactivation of the D level with decreasing heights. 

Following SEaton (1953), the intensity ratio R between the red doublet and the green 
line is given by 


S3 ' Ag + Age + dy 


(1) 


ee (=" a tec) & +, ee a | 


1(5577) 

Here are A3,, Ago, and A,,, the spontaneous transition probabilities from respectively 
the S to the P level, the S to the D level, and the D to the P level. S, and S, are the total 
numbers of atoms entering the S and D levels respectively; cascading from S to D, ds, 
is the probability of collisional deactivation from the S to the D level; d, and d, are the 
probabilities of collisional deactivation per sec of an atom in the S and D state respectively. 

Assuming now S,/S, to be constant with height, neglecting d, and dj, and using the 
theoretical values for A,,,,, the following simplified expression of (1) is obtained 


Ay +d, 


nm? 


1(5577) Ae : 
1(6300 < 64) = const (1 + 110d,) (2) 

From Fig. 1 it is seen that the slope of the intensity ratio [(5577)/Z(6300 + 64) is 
fairly constant with height within the height-interval 110-150 km. According to (2) this 
should indicate an approximately linear decrease in collisional deactivation d, of the 
D state with height. At the lower border of the arc, in the height-interval 90-100 km, 
one must assume a very strong deactivation of the D state which strongly diminishes the 
intensity of the red doublet. 

The author wishes to express his thanks to the director of the Auroral Observatory, 
Mr. E. Tonspere, for putting the facilities of the observatory at disposal, and to Mr. R. 
LaRSEN for valuable assistance during the observations. 


1/R = 


L. HaRANG 
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Auroral Observatory, Tromsé 
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An estimate of the size of the antipodal area in short-wave radio propagation 


(Received 23 March 1956) 


In a recent series of experiments, the elevation angles and bearing angles of pulses (at 
14,975 ke/s) transmitted from Slough (about 51° 30’ N, 40’ W) were measured at Seagrove, 
Auckland (about 37° 10’ S, 174° 20’ E). The measurements, which were made on the 
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rotating interferometer (WHALE, 1954), extended from 24 October till 11 November 1955 
and covered the period 0800-1600 GMT. The pulses were sent alternately on two different 
aerials, viz. a rhombic aerial oriented 30° east of north and a relatively nondirectional 


horizontal dipole. 
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Fig. 1. 


All the measurements have been considered together to produce the following graphs. 
For each type of aerial, all the elevation angles observed for each three degrees of bearing 
angle were averaged to give the points in Figs. la, 1b. These two curves are similar in 
shape, in that they are both roughly symmetrical about the great-circle bearing (347°) and 
show some tendency to rise at the ends. They have been combined to give the points in Fig. 
l(c) where the average elevation angle for each three degrees of bearing is plotted as a 
function of the deviation from the great circle bearing (irrespective of sign). 
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Since neither the earth nor the ionosphere is a specular reflector, a small deviation 
of the wave may occur at each reflection. If a limit is assigned to the deviation allowed 
per hop, the limiting ray will follow a small-circle path and the maximum deviation in 
bearing at the receiver for any number of hops (i.e. for any received elevation angle) may 
be calculated. (This follows directly from the fact that a path of constant sideways cur- 
vature on the surface of the earth is a small circle.) The curves in Fig. le have been 
calculated for 0-1°, 0-4°, 0-5°, and 1° deviation per hop, the experimental points indicating 
for this experiment a maximum deviation of 0-5° per hop. 

Now consider a radio transmitter at any point on the earth’s surface. If all rays 
follow great circles, the paths will meet at the geometric antipode of the transmitter. 
However, from the above, the rays may also follow small-circle paths with a deviation of 
up to 0-5° per hop. Near the antipode a particular great-circle ray will have such small-circle 
rays roughly parallel to it, but shifted sideways from it. In this case, if we assume (from 
Fig. le) an average elevation angle of 20° and thus an average hop length of about 13° 
angular distance, the maximum total sideways shift of the small-circle ray is 5° of angular 
distance, i.e. about 550 km. For greater elevation angles (and hence more hops) a greater 
sideways shift is possible, while smaller sideways shifts easily arise, since then a deviation 
per hop is required that is less than the maximum as measured above. 

From the measurements given above it is deduced that, at least during this period, 
the antipodal area was about 550 km in radius centred on the geometric antipodal point. 
Within this area there would be no limit (other than propagational conditions) on the 
direction of the rays received, i.e. any bearing would be geometrically possible, while near 
to this area considerable deviations of bearing from the great circle would be geometrically 
possible. In both cases the bearing actually giving the greatest signal strength would be 
determined by the propagation conditions. 

This investigation was carried out at the Seagrove Radio Research Station, which is 


operated by Auckland University College and receives grants from N.Z. Department of 
Scientific and Industrial Research, N.Z. Post and Telegraph Department, and the N.2Z. 
Broadcasting Service. Thanks are due to the British Post Office for arranging and to the 
Radio Research Station at Slough for transmitting the pulses. 


Seagrove Radio Research Station H. A. WHALE 
Auckland University College 
Auckland, N.Z. 
REFERENCE 
WHALE H. A. 1954 Proc. Phys. Soc. B67, 553. 





Increase of cosmic-ray intensity in Jamaica due to a solar flare 
(Received 20 April 1956) 
- THE small counter telescope shown in Fig. 1 is operated in Jamaica at a geographic latitude 


18° 0’ N and longitude 76° 44’ W. The apparatus is under a light roof and is at an altitude 


of 180 metres above sea-level. 
The number of counts recorded in each half-hour for the night of 22-23 February are 
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Fig. 1. Threefold counter telescope. 


plotted in Fig. 2. No corrections have been applied, as any effect due to varying atmo- 
spheric pressure is certainly less than the statistical error. If it is assumed that the increase 
did not start before 0345 GMT, then the peak value of the increase must have been at 
least 60°. 
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Fig. 2. Cosmic-ray counting rate in Jamaica at time of solar flare. 




















The geomagnetic latitude of Jamaica is about 30° N, so that the minimum momentum 
required for a particle to enter vertically is at least 10 GeV/c If the particles came from 
the vicinity of the sun at a local time of 2300, a still greater momentum is necessary. 
Only particles for which the momentum was in a restricted range could describe the 
necessary trajectories between the sun and the earth. This makes the great magnitude of 
the increase particularly surprising; it does not seem to be in accordance with the theory 
of “impact zones,”’ as developed by Frror. 

; J. C. Barton 
University College of the West Indies J. H. STocKHAUSEN 
Jamaica, B.W.I. 
REFERENCES 
Frror J. W. 1954 Phys. Rev. 94, p. 1017 
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Remarks on a paper of G. W. G. Court: “Ionospheric wind determination 
from. spaced radio-receiver fading records’’ 


(Received 14 March 1956) 


In his paper, Court (1955) deals with the question how to find the ionospheric wind out of 
measurements which are carried through according to the method of KRAUTKRAMER and MITRA. 
For evaluating, he proposes two ways which base upon the fact that the end-points of the speed 
vectors drawn from one point must be situated on a circle, and the measurements (ty, t,) must 
be situated on a striaght line in a (ty, t,)—co-ordinate system. Both ways were already reported 
in September 1954 by myself during the conference on the Physics of the Ionosphere in Cambridge 
and were published consequently (PUTTER, 1955). In that paper I have called them ‘‘Kreis der 
Beobachtungsergebnisse”’ and ‘‘Methode des Zeitvektors.”’ 

Furthermore, CourT comes to the conclusion that, generally, the results of measurements 
do not enable us to find out either the circle or the straight line. As to the circle, this statement is 
understandable, as the circle is fixed by the speed vectors and the speeds are severely influenced 
by eventual measuring faults. But the straight line formed by the (ty, ¢,) can be found in a 


greater number of cases. According to investigations of BERG (1955), based on the material of the 


Ionosphirenforschungsstelle, KéIn, this number makes about 15% of the cases. 
P. St. Pirrer 


Meteorologisches Institut der Universitat Kéln 


REFERENCES 


Bere H. The Physics of the Ionosphere—Report of 
1954 Cambridge Conference, 104. 

Court G. W. G. 1955 J. Atmosph. Terr. Phys. 7, 333. 

PUTTER P. St. 5é The Physics of the Ionosphere—Report of 
1954 Cambridge Conference, 191. 





(Received 17 April 1956) 


I HAVE noted, with interest, the comments of Dr. PUTTER, and regret that his report was not 
available to me before December 1955. However, as one who has had only a passing interest in 
this work, I should have expected that, since the straight-line or circle construction follows so 
readily from the simple physical approach, it is far from novel to workers in the field. 

Perhaps I may comment on the relatively large number of failures to obtain a straight line 
or circle from direct t,t, measurements. Since a direct and complete analysis of the fading 
records by the identification of apparently corresponding points does not make any allowance 


163 





Letters to the editors 


for conditions as suggested in Fig. 4 of my paper, or when pattern fading or curved lines of 
maximum amplitude occur, then the analysis is carried out for conditions outside those pre- 
supposed for the straight-line construction. However, if a form of visual correlation as I suggest 
is adopted, then it clearly becomes immediately apparent when the correspondence of records, 
or parts of a record, is so poor, that the presupposed conditions do not exist and part, or the whole, 
of a record must be ignored. Thus, the reliable parts only of records may be selected for analysis. 
The percentage of successes in deriving the straight line is appreciably increased, since the 
confusion which would have occurred by including some false times in an otherwise satisfactory 


record is removed. 
An arbitrarily chosen 24-hr period was analysed in this way and has been reported by Court 


and GILFILLAN (1956). 


Civil Aviation Branch, Air Department, G. W. G. CourT 
Wellington C.1., New Zealand 

REFERENCE 
Court G. W. G. and GILFILLAN E. S. 1956 J. Atmosph. Terr. Phys. 8, 3. 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), EskDALE E(s), and Lerwick (Le) 


January 1956 


The figures given on pages 165 to 168 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 
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Resonance scattering by atmospheric sodium—II 
Nightglow theory* 


JosEPH W. CHAMBERLAIN and BEVERLY J. NEGAARD 
Yerkes Observatory, University of Chicago 


( Received 2 May 1956) 


Abstract—The theory of radiative transfer is applied to the layer emitting the Na D lines in the nightglow. 
If the Na layer has an appreciable optical thickness 7, in the centre of the lines, resonance scattering 
will significantly affect the variation of intensity with zenith angle and the ratio D,/D,. Earlier quanti- 
tative discussions of this effect have neglected the scattered radiation and considered only one model 
for the nightglow layer. Three models are considered here: primary excitation concentrated at the 
bottom of the Na layer, evenly distributed through the layer, and concentrated at the top. 

Since there is considerable uncertainty both in the van Rhijn height of the layer and in the proper 
model for the nightglow, it is not feasible at the present time to deduce reliable information about the Na 
layer from a comparison of theory and observations. However, the van Rhijn heights and the ratio 
D,|D, to be expected for the various assumed models and for a true height of about 85 km are discussed. 
Observations of the line ratio may prove valuable in ascertaining the nightglow model. 


1. INTRODUCTION 


Recent calculations by DONAHUE and FopERARO (1955) have shown that self- 
absorption of the D lines in the nightglow Na layer could produce a significant 
effect on the variation of intensity with zenith angle. Therefore, van Rhijn 
heights deduced for the Na layer on the basis of measurements of this zenith 


variation are clearly not reliable, unless it can be shown that the thickness of 
sodium is too small to produce self-absorption. 

Actually there are three important unknown quantities in the problem: 
(1) the true height of the layer, (2) the position of the region of primary excitation 
relative to the majority of neutral Na atoms, and (3) the number of Na atoms in a 
square-centimetre column. An important change in either item (2) or (3) through 
the year, say, would not only affect the intensity of the nightglow, but may result 
in a variation of the van Rhijn (apparent) height. 

Heretofore the observational data have consisted in zenith-horizon intensity 
measurements, from which van Rhijn heights were deduced. But for a definitive 
solution to the problem of heights we require more data. One additional observa- 
tion that may prove to be important is a measure of the ratio D,/D, versus zenith 
angle. The calculations given in this paper show that this ratio is moderately 
sensitive to the model and thickness. For accurate observational data a correction 
may be necessary for light scattered in the lower atmosphere, which tends to mix 
light originating at different zenith angles and could therefore affect the D,/D, 
ratio as well as the total intensity. Still, it should be possible to make an approxi- 
mate correction for tropospheric scattering (cf. ASHBURN, 1954); and indeed, if 
the Na layer is not too thick optically, there may be very little difference between 
the zenith and horizon ratios, and the correction would be negligible. 





* The research reported in this paper was supported in part by the Geophysics Research Directorate 
of the Air Force Cambridge Research Center, Air Research and Development Command, under Contract 
AF 19(122)-480. 
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Additional information on the sodium layer may be obtained from an analysis 
of twilight observations. This problem is discussed separately in Paper I (CHAm- 
BERLAIN, 1956) of this series, but it may be stated here that it should be possible 
to obtain rather accurate values of the sodium optical thickness, if the twilight 
airglow results from resonance scattering of the solar D lines. To ascertain the 
nightglow height accurately will be more difficult, but approximate calculations 
should be possible when the optical thickness is known. 

As Donanusr and FoprrRaro pointed out, their paper did not consider the 
scattered radiation. Their calculations were based on a theory of resonance 
absorption due to HoLstTErN, in which a photon captured by an atom is considered 
to be lost from the radiation field. For highly permitted resonance radiation, 
however, the photons will actually undergo scattering, not true absorption. 
By application of the more powerful techniques of radiative transfer, as developed 
by CHANDRASEKHAR (1950), it is possible to take full account of the scattered 
component of the radiation. 

In Section 2 we consider three models for the position of the nightglow layer 
relative to the bulk of atmospheric sodium. We assume the D lines are scattered 
isotropically and quote exact solutions to the appropriate transfer equations 
in terms of CHANDRASEKHAR’S X and Y functions. In Section 3 we discuss the 
results and their probable effect on height determinations. The transitions 
producing the D lines are for D,(A5896): 7Sj,. —?P4/2, and for D,(45890): 
*Sij2 — * Pye. 

2. THb TRANSFER OF D-LINE RADIATION IN THE SODIUM LAYER 


Here we shall summarize briefly the fundamentals of the transfer equation. 
In order to obtain a solution conveniently, we idealize the sodium layer as a 
plane-parallel layer, in so far as the transfer of radiation within the layer is con- 
cerned. This approximation is really quite good and implies only that the layer is 
thin compared with the horizontal extent over which curvature becomes appreciable. 
In Section 3 we shall still consider the effect of curvature on the (van Rhijn) 
measurements of intensity as made from the ground. 

In the plane-parallel layer the distribution of Na atoms with height is un- 
important, and the most convenient independent variable in the equations is the 
optical depth, t,, at frequency v in the line. We shall adopt the convention that t, is 
zero at the bottom of the layer, and let the optical thickness of the layer be 7,. 


Then optical depth is defined at height z by 


t(z) = [ m2", dz’, (1) 


ry 


where n(z) is the density of sodium atoms and «, is the absorption coefficient at 
frequency v. If the total number of sodium atoms in a vertical column with unit 
cross-section is NV, we have by integration of equation (1), 7, = Nz. 

The transfer equation is formulated in terms of the specific intensity, J,, the 
energy per unit frequency-interval crossing unit area (taken normal to the beam) 
per second per unit solid angle. (When the beam emerges from the layer, its 
specific intensity becomes identical to surface brightness.) Let ¢ represent azimuth 
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and @ the polar angle, with the convention that 6 = 0 for the downward vertical 
(cf. Fig. 1). 

Model B. With this model we postulate that the nightglow is uniformly excited 
throughout the sodium layer, or that all Na atoms are equally affected by the 
primary excitation mechanism, regardless of their height in the layer. With this 


model the transfer equation is 


a, aa [im 
a n(z)a,t, + — ro ® f I, sin 0 d0ddé + en(z)a, (2) 


This equation expresses the condition that the change in intensity along a path of 
length ds is due to (1) absorption from the beam, (2) scattering back into the beam, 
and (3) primary excitation, where « is a constant. The primary emission is thus 
assumed to be proportional to the Na density and to the absorption coefficient. 
Since «,(D,) = 2«,(D,), we shall use the same constant « for both lines, which 
assumes that the primary excitation is proportional to the statistical weights of 
the upper levels; otherwise ¢, and «, would be different. 


NM se recssssessssssssuuiiiasssssses 











‘lm! 


Ty 





i) 


Fig. 1. Illustration of models A, B, and C. The concentration of Na is linear with t,, 
by definition. Shaded areas show regions where the primary nightglow excitation occurs 
in the different models. 


With the convention in signs we have adopted, ds = —dz sec 0, which makes ds 
positive in all directions. Further, if we substitute equation (1) into equation (2) 


and write u = cos 6, we obtain 


dl,(t,, ) 1 3 
a = ——|_1 du —e. : 
Lh dt, L(t, #) oI, At, “4)du —e (3) 


The solution of this integro-differential equation will depend on the total 
optical thickness of the layer, 7,, and on ~ = cos 6. Horak (1952) has extended 
the invariance theorems of CHANDRASEKHAR (1950) and obtained a solution in 
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terms of the latter’s X and Y functions. The emergent intensity at the lower 
boundary (t, = 0) is 


e[X*(u) — Y*(u)] 
—Q(a%1 + Bx) 


where Q, «,, 8;, X*, and Y* are all functions of 7, and are all tabulated by CHanp- 
RASEKHAR and ELBERT (1952). Equation (4) defines ®,(7,). 

Before proceeding, it is of interest to compare the monochromatic variation 
in intensity with polar angle as obtained from the complete transfer equation with 
that obtained from simpler treatments. If we neglect the scattered radiation, 
the transfer equation (3) becomes 


aI, (t,, p) 
dt, 


1,” (0, +h) = = ®,(7,), (4) 


L oa) FP (t,, LM) ats 


which integrates to 
t Fide (0, + ) —s e(1 ios emit), 


For small values of 7,, equation (6) becomes the expression commonly used for 
the nightglow intensity: 
T° (0, +) = we eT, sec 9 (7) 
lu 

In Fig. 2 we illustrate these different approximations by plotting equations (4), 
(6), and (7) (along with similar results for cases A and C) for 7, = 0-2. Although 
the differences between equations (4) and (6) are quite appreciable, by reducing all 
intensities to unity in the zenith, as in Fig. 2, we obtain two curves that are 
similar throughout. 

To obtain the total intensity over a line, 7“) (79, +), with an optical thickness 
7, in the line centre, we integrate numerically; however, in order to obtain this 
integral, it is necessary to have a relation between 7, and». For Doppler broadening 
alone we have 


T, = T, exp (—2z%), 


where 
c (y—y 
ee ( 0) 
U Vo 
c is the speed of light, and the most probable velocity is U = (2kT'/M)'/2. The total 
line intensity is thus 


I'*) (79, +) = B | ©, [7> exp (—2*)] dx (10) 
0 


where the constant B = 2eUy,/c. 

Models A and C. Consider model A as illustrated in Fig. 1, where the excitation 
occurs at the bottom of the Na layer. The primary emission falling on the scattering 
Na layer per unit area normal to the beam is J;,,, (t, = 0, —u) = I,”/ 4, where 


ine 
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I,™ is the primary radiation emitted in the direction 9 = 0. CHANDRASEKHAR 
(1950, p. 210) shows that the intensity diffusely reflected by the layer is then 


To 
Tres. (ty = 0, w) = , [X*(u) — 1]. (11) 











ecco” 


(0.0) 


ome ly 



































\ 


\ 
pe al \ 
























































Oo 
100 090 080 070 O60 O50 040 030 0:20 O10 O00 


mM 


Fig. 2. Monochromatic intensity for ry = 0-2 versus w =cos@. (Here @ is the polar 

angle in the layer and is related to the observer’s angle by equation (1), Paper I.) Curves 

are given for the exact solutions of models A, B, and C and for the two approximations 

given by equations (6) and (7). All curves are plotted on a relative scale of unity for uw = 1. 
For smaller values of 7» the curves diverge less from one another. 


Hence the total intensity is the sum of the directly emitted radiation and that 


diffusely reflected: 
L,OX*(u) 


1,40, +) — = Fag oy AD (12) 


which defines the function 7,,(7,). 
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For model C, with the excitation occurring at the top of the layer, we consider 
the total intensity as the sum of the direct intensity diminished by the factor 
exp (—7,/) and the diffusely transmitted radiation (CHANDRASEKHAR, 1950, p. 210) 

ql 


LTO 
Trans (0, +H) = - P [Y*(u) — e-*"*]. (13) 


Thus we have 
I, Y*(u) 


ll 
Equations (12) and (14) are illustrated in Fig. 2 for 7, = 0-2. 


10, +4) = - = 1, y,(7,). (14) 


If we take the primary emission proportional to the absorption coefficient, 
we have J," = const 7,. Then, integrating equations (12) and (14), we obtain 


fo @) 


F(x, +n) =A [ro exp (—2*)z, fra exp (—2)] de i 
70 


IM) (75, ty) =C [= exp (—2?)yp, [t>9 exp (—2?)] dz, (16) 
J0 

where A and C are constants. Equations (10), (15), and (16) have been integrated 
numerically for a range of 7, and w. The constant A, B, or C—depending on 
the model—is the same for D, as for D,, so long as the primary excitation is in 

the ratio 2/1. : 
From the data discussed above we may compute the zenith-angle variation 
in total intensity and in the line ratio D,/D, for any assumed height and line 
ratio of primary excitation. To relate ~ = cos # with zenith angle ¢, we use the 
familiar van Rhijn relation [Paper I, equation (1)]. If we take the primary excita- 
tion to be proportional to the statistical weights of the upper levels (that is, 
proportional to the f values or to the central absorption coefficients of the two 
lines), then the constants A, B, and C are the same for both lines. (This is true, 
since in each model, A, B, and C, the primary emission was assumed to be every- 
where proportional to the absorption coefficient.) Thus the total intensity D, + 
D, is obtained simply by adding .4(7 9, +) + 4(479, +), since t>9(D,g) = 279(Dj). 
The ratio D,/D, is similarly obtained. The number of Na atoms in a vertical 
square-centimetre column JN is related to the optical thickness at 200°K by 

Paper I, equation (8): 

N = 0:66 x 1011 7,(D,). (17) 


A recent analysis by HunTEN and SHEPHERD (1954) of the twilight emission 
placed the Na near h = 85km. This height may have to be slightly modified, 
since resonance absorption and scattering were not considered in their theory, 
but the correction is likely to be quite small. Also, this height is in the neighbour- 
hood of the maximum value expected on theoretical grounds for the nightglow 
(Bates and Nicoter, 1950; Bates and DaLe@aRNo, 1953). At any rate, the 
calculations as shown in Figs. 3 and 4 have been made for h = 85km. But to 
change the curves to some other height it is only necessary to adjust the abscissa 
scale in accordance with the van Rhijn equation. In Fig. 3 we also include van 
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Fig. 3. Illustration of zenith-horizon intensity curves for Na D, + D, originating at a 
height of 85 km. Curves are shown for the three models and for five assumed values of 
tT (D,.), the optical thickness of the layer in the centre of D,. Dotted curves show for 
comparison the van Rhijn intensities (resonance scattering neglected) for 100 km (upper 
curve) and 200 km (lower dotted curve for each model). All intensities are on a scale 
of unity for f = 0. 
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Rhijn intensity curves for 100 km and 200 km from a table by Roacu and MEINEL 
(1955). These curves do not, of course, include the effects of scattering and 
extinction in the lower atmosphere. 
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Fig. 4. Ratio of D,/D, lines for different models and optical thicknesses. Without 
resonance scattering the ratio would be 2, with the same assumed excitation ratio. 


3. DiscussIoN 


Zenith-horizon intensity curves. If the excitation is by the Chapman photo- 
chemical mechanism, then model A, with the excitation concentrated near the 
bottom of the Na layer, would seem most likely (cf. HunTEN, Paper ITI, 1956). But 
in this case we find very little effect of resonance scattering on the zenith-horizon 
intensity curves. For example, it would be necessary for 7)(D,) = 0-25 or N = 
1-65 x 10!° atoms/cm? (column) for the intensity curve to simulate a van Rhijn 
height of only 100 km. In view of the tentative conclusions drawn in Paper I on 
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the abundance of Na, we conclude that resonance scattering in model A would 
not seriously affect the height determinations. 

At the other extreme, if the nightglow emission is above the main portion of 
atmospheric Na, as most of the height measurements imply, it approximates 
model C. Here the height-curve for +)(D,) = 0-125 or N = 8-25 x 10° is quite 
close to the van Rhijn curve for 200 km. Winter values of the Na abundance 
are probably this great. Thus it is apparent that, if actually the nightglow excita-_ 
tion occurs in the upper part of the Na observed at twilight (say, around 100 km), 
the van Rhijn height will be much higher in winter. In summer the Na abundance 
may be sufficiently low not to affect the height seriously, but since the Na night- 
glow is then fainter, contamination by OH and background starlight are more 
serious. 

D,/D, ratio. If the abundance can be determined rather accurately from 
twilight measurements, it may be possible to ascertain the correct model for 
the nightglow from the D,/D, ratio. Then van Rhijn measurements of intensity 
could be unambiguously corrected to give heights. (We assume, of course, that 
the departures from a homogeneous layer and other observational difficulties 
that hinder interpretations of van Rhijn measurements can be allowed for or 
eliminated.) 

It is important that simultaneous measurements of D,/D, be made in the 
zenith and at the horizon. CABANNES, DuFaAy, and GauziT (1938) estimated the 
ratio as about 2, and BERTHIER (1952) has published a value of 1-98 + 0-05 for 
observations at about ¢ = 75° (private communication). However, if model C 
is indeed the appropriate one, there should be a noticeable seasonal variation, 
with D,/D, at ¢ = 75° falling to about 1-80 when the abundance is 8 x 10° 
atoms/cm? (column) or 79(D,) = 0-125. 

Alternatively, if model A is most appropriate, the ratio will always be greater 
than 2, but even in winter the zenith ratio is not likely to exceed 2-10. 


Comparison with earlier calculations. As we would expect, the results for 
model B are intermediate between those for A and C, both for total intensities 
and line ratios. DoNAHUE and FoDERARO’S (1955) model was essentially the same 
as model B, but since their method of treating the problem differs from that 
presented here, a brief comparison of results is in order. As illustrated in Fig. 2, 
we should not expect secondary scattering to produce much change on the zenith- 
horizon intensity curves for the optical thicknesses considered here. Consequently, 
as we would anticipate, DonaHvE and FopERARO’s brightness curves are quite 
similar to those in Fig. 3 for model B. Their curves were all computed for 7)(D,) > 
0-30 however, and therefore are probably not of practical use for the 
airglow. 

On the other hand, the D,/D, ratio is quite sensitive to secondary scattering. 
DonAHUE and FopERARO’S equations considered an absorbed quantum as lost 
to the radiation field. Actually scattered radiation contributes significantly to 
the total (HoRAk, 1952), and in the scattered component, D, will be much stronger 
than D,. These considerations explain the important differences between Fig. 4 
for model B and the results of DoNAHUE and FopDERARO (1955, Fig. 5). 
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Abstract—Two simple cases of resonant scattering of light by a line having the Doppler shape are 
considered. It is shown that an effective optical depth 7, for the whole line can be found if the optical 
depth at the centre 7, is less than about 1. For different ranges of 7, the ratios ry/7, = V 2, 1:5, or 1-6 
are useful. Second, the excitation of the sodium emission in the night airglow is discussed. The Chapman 
mechanism may be quantitatively adequate; it leads to a strong concentration of the excitation towards 
the bottom of the sodium layer. 


INTRODUCTION 


THE considerations which follow are intended to supplement Papers I and 
II of CHAMBERLAIN (1956). Calculations of multiple scattering by atmospheric 
sodium, such as reported there, are greatly simplified if an effective absorption 
coefficient can be used for the whole resonance line. We show that this is 
possible for small optical depths in two special cases, and therefore probably 


in general also. To make calculations for the night airglow it is necessary to assume 
a distribution of excitation in the layer. We consider this problem, and propose 
the solution which seems most reasonable in the light of what is known about the 
matter. 

EFFECTIVE ABSORPTION COEFFICIENT 


In the theory of self-absorption by atmospheric sodium, a great deal of com- 
plication is introduced by the variation of absorption coefficient over the width 
of the Doppler line. After the results are found for a single frequency, they must 
he integrated with respect to frequency, and the integrals must usually be evaluated 
by numerical means. The purpose of the following is to show that for small 
optical depths it may be possible to define an effective absorption coefficient for 
the whole line. The simplification thus introduced may make it possible to work 
out the results of a theory which is more sophisticated in other ways; examples 
may be found in Papers I and II. 

Consider first the function 7'(r,) defined by Hoxster1n (1947). If 7, is the 
optical depth at the centre of the line, 7’ is the fractional transmission for a line 
whose original shape was the Doppler shape appropriate to the vapour. Write 
x = C(v — v9)/y)9U, where c is the velocity of light and U = (2R7'/M)' is the most 
probable thermal velocity; x is proportional to the fractional deviation in frequency 
from the centre of the line. The contour of the original resonance line is given by 


* The research reported in this paper was supported by the Geophysics Research Directorate of 
the Air Force Cambridge Research Center, Air Research and Development Command, under Contract 
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the function exp (—2?), and the contour of optical depth by 7 = 7, exp (—2?). 
Then 
i a) . l 00 : ; 
T (70) = — [ oe 2=s | et e~ToeXP(—2*) Jy 
Va FO Vn — 00 


As suggested by DoNAHUE and FopERARO (1955), this may be expanded in a series 
which converges rapidly when 7, < 1 and then integrated term by term. The 


result is 
T (ro) = 1 —746/V2 +. 792/2V3 — 753/6V4 +... 


This bears a close resemblance to the series for exp (—7,/V 2), which is 


exp (—t9/V2) = 1 — of V2 + 792/2V4 — 753/6V8 +... 
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To 


Fic. 1. Percentage error from the use of the effective absorption coefficient as a function 
of 7). Case 1 is above and Case 2 below; the three curves for each case are (top to bottom) 


for 7,/7, equal to V2, 1-5, and 1-6. 


Thus for small values of 7, an effective absorption coefficient for the whole line is 
7,/V2. A slightly smaller effective coefficient is useful to larger values of 7, but 
of course is less accurate for small values. Fig. 1 shows the ratio of 7'(7,) to 
exp (—7,) for 7, equal to 7,/V2, 79/1-5, and 7,/1-6. A summary of the results is 
given in Table 1, under the heading ‘‘Case 1”’. 

Another situation which can be treated similarly has been described earlier 
(HuNTEN, 1956). Here a simple theory of self-absorption by sodium in twilight 
was given: although the assumptions were too simple, the treatment from there 
on was correct. We shall show that an effective absorption coefficient can be 


found for this case also. 
The second equation of the reference can be written 


47 B, dv = J dy sin B [1 — exp (—7)] exp (—7), 
where B, is the observed angular surface brightness of the sodium layer per unit 
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frequency-interval and J the flux of incident sunlight per unit frequency-interval. 
The factor sin f is of no consequence for our present purpose. Physically, the 
equation is found by letting the sunlight pass twice through the sodium layer, 
with observations made at the second passage. Integration over frequency gives 


aie oo : Vn sin B [275 8 (279) — to 5 (70) 
0 


where S(7)) represents an integral which has been tabulated by Levy (1930). 
On the other hand, if the line is taken to have an effective optical depth 7,, 
the equation can be written 


47B = F sin 6 [1 — exp (—r,)] exp (—7,); 
F is the effective incident flux for the line, equal to J multiplied by an effective 


line-width. It is evaluated by taking the asymptotic forms of the two equations 
for 7 << 1 and setting them equal; here S approaches 1. 


U 
F sin B .1,=J > Va sin Bp. 7, 
“0 
paswUvn 
Te Ao E 


As before, the ratio of the two expressions was calculated as a function of 7, for 
three values of ,/7,; these results are also shown in Fig. 1 and Table 1 as ‘‘Case 2”’. 


Table 1. The values of 7) for various deviations (in per cent) 
from the “‘exact”’ curves 





Ratio 7,/7, 


Max. negative 
error (per cent) 
Value of 75 





It is seen that the ratio 1-5 gives a very good representation in both cases up to 
about 7, = 1; if higher values of 7, are expected to be important, the ratio 1-5 
covers the range to about rt, = 2, but with greater error. It is worth remembering 
that the values of 7, quoted in case 2 are for a single thickness of a layer which is 
traversed twice; also that 7 is measured along the path of the light, not necessarily 
in the vertical direction. 
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DISTRIBUTION OF EXCITATION IN THE SopIuM LAYER AT NIGHT 


Although the source of excitation of the sodium lines in the night airglow is 
not known for certain, it is usually assumed to be the Chapman mechanism (1939): 


Na + 0, + NaO + O, 
NaO + 0+ Na + O, 


where the sodium atom is formed in the excited state ready to emit one of the 
D lines. The energy liberated in the second reaction is not known to be enough, 
but the mechanism seems satisfactory otherwise. We shall also assume that every 
liberated sodium atom is excited. 

As was also suggested by CHAPMAN, this reaction cycle can account for the 
free sodium observed in twilight. We have extended this idea in an earlier paper 
(HuntTEN, 1954) and found that its predictions are in good accord with observation 
(HuNTEN and SHEPHERD, 1954). It is of interest to calculate the expected rate of 
excitation at night, using the sodium distribution found from twilight. The 
height of the emission will of course be lower than the minimum of 108 km found 
by Roacu and Mertnet (1955), but they did not take self-absorption into account. 
At equilibrium, the rate of both reactions is the same; we consider the first, since 
nothing is known about the distribution of NaO. The total amount of sodium in a 
em? column is 3 x 10° atoms in winter (HUNTEN, 1956); it is sufficient for our 
present purpose to consider this to be concentrated near 85 km. According to 
Bates and WITHERSPOON (1952) and BaTEs (1954), n(O,) is about 10’ atoms/cm? at 
85 km and the scale height is about 5km. We take, as before, a rate coefficient 
6 of 1-5 « 10-1! em3/sec; then the emission rate is 4:5 x 10° photons/em? column 
sec and 47B = 0-45 Rayleigh. At this season the observations of Petrir, Roacu, 
Sr. AManp, and WILLIAMS (1954) give 47B = 300 R, so that the expected emission 
falls short by a factor of 700 or so. It has been shown by Bates and NIcoLetT 
(1950) that the ozone concentration rises rapidly after sunset, perhaps by a factor 
as large as 100. The agreement is then as close as could be expected. Such a pheno- 
menon would greatly complicate the prediction of the sodium atom distribution, 
but a further discussion of this is hardly worthwhile because of the many 
uncertainties. 

Having shown that the proposed reaction cycle may be able to supply the 
observed emission, we may proceed to discuss the distribution of excitation with 
height, or more important, with respect to the depth of sodium. Analysis shows 
that the results depend critically on the distribution of sodium below the maximum, 
but this is just the region where the distribution is least well known. However, 
all reasonable models give a strong concentration of the excitation towards the 
bottom as a result of the rapid decrease of ozone density with increasing height. 
It is therefore likely that CHAMBERLAIN’S model A is closest to the truth (Paper IT) 
if the excitation mechanism is the one here discussed. 


We should like to express our thanks to Dr. J. W. CHAMBERLAIN for suggesting 
the matters considered here and for his subsequent interest. 
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Abstract—The calculation of the true heights of reflection of radio waves in the ionosphere from the 
variation of the virtual height of reflection with frequency is discussed for parabolic electron-density 
distributions. 

The existing theory is extended to include the case of reflections from contiguous parabolic sections 
or truncated parabolae, and a convenient basic expression is derived giving the variation of virtual height 
with frequency in terms of the layer parameters. 

It is shown that expressions developed by other workers are special cases of this more general 
expression. Methods are indicated whereby the true critical frequency of a truncated layer may be 
calculated in terms of the observed cusp frequency and it is shown that the analysis may be applied to 
give a rapid method of obtaining the layer parameters. 


1. INTRODUCTION 


Aw accurate knowledge of the true heights of the ionospheric layers is of funda- 
mental importance and must form the basis for the complete development of any 
theory concerning the origin of the ionized layers and of their characteristic 
diurnal, seasonal, and spatial variations. In radio sounding investigations of the 
ionosphere it is the equivalent or virtual height of the layer which is generally 
measured, and the conversion of these into true heights is a problem of some 
complexity. Thus, subject to certain assumptions, we may write: 


Equivalent height = h’(f) = hy + |* (1) 
bb 


where w is the refractive index for a wave of frequency f at a point distance y along 
the vertical path in the ionized medium and hy is the height of the un-ionized 
atmosphere below the reflecting layer. 
Substituting 

Ne? 


ee oe 
; am” 


(V = electron density, ¢ and m, charge and mass of the electron) (1) becomes 


dy 





Vy 
h'(f) =k, + [ 
ey ee /0 V 1 — Ne?/axmf? 


y, being the actual level above the lower edge of the layer at which the frequency f 
is reflected. 


* Now at the Cavendish Laboratory, University of Cambridge. 
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The problem is to determine the manner in which N depends on height / when 
h’(f) is measured. This can be done in two ways: 


(a) Direct method 

By an inversion of the integral in (2), the solution can be obtained directly 
without any a priori assumptions about the distribution of N with h, as first 
indicated by APPLETON (1930) and by DE Groot (1930). This method was later 
developed by PEKERIS (1940), RypBEcK (1940), MANNING (1947, 1949), KELso 
(1952), and others. 


(b) Comparison method 

One may assume that the true distribution of electron density with height is of a 
particular type, which, when inserted in equation (2) gives a variation of h’ with f 
in close agreement with that actually observed. AppLEeTon (1928, 1930) and 
DE GrRooT (1930) have given expressions for the equivalent height for some parti- 
cular types of ionospheric gradient. The analysis of h’(f) curves in terms of a 
parabolic distribution of electron density with height has been considered by 
APPLETON (1937), BookER and Seaton (1940), Ryppeck (1942), and more 
recently by RatcuirFrE (1951). The results of these and other workers indicate 
that, particularly in temperate latitudes, the actual distribution is often of this 
type and this distribution has been extensively considered by APPLETON and 
Beynon (1940, 1947) in relation to certain practical radio transmission problems. 
The case of a Chapman distribution of electron density with height (CHAPMAN, 
1931, 1938) has been discussed by JAEGER (1947), PreRcE (1947), and by GuHa 
(1949). 

It is with solutions of the type (b) that we are concerned in this paper and in 
particular with the parabolic-type electron density distribution. Before proceeding 
to a detailed discussion of the problem we shall briefly note the assumptions which 
are made in the analysis and comment on one general point (DE GRoot’s ambiguity 
theorem) which is relevant to both the direct and comparison methods of obtaining 
solutions of this problem. 


2. APPROXIMATIONS INVOLVED IN THE ANALYSIS 


2.1. Assumptions 
The principal simplifying assumptions made in this analysis are as follows. 


(1) The ray theory of geometrical optics is applicable. This assumption has 
been considered by RypDBECK (1940) and others, who have shown that for 
the wavelengths used in normal h’(f) recording this is quite valid. 

(2) The electron collisional frequency in the ionosphere is small enough to be 
neglected in comparison with the angular wave frequency of the exploring 
signal. The general effect of this approximation is that the calculated 
virtual heights for a given height distribution of electron density are 
slightly increased. 

The Lorentz polarization term can be neglected. This is in accord with the 
results of many authors (Darwin, 1934, 1943; RatcLirre, 1939; Beynon, 
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1947), who have shown that the Lorentz modification to the Sellmeyer 
refractive-index formula is probably not applicable to radio-wave propa- 
gation in the ionosphere. 

The magnitude of the equivalent path is not seriously influenced by the 
effect of the earth’s magnetic field. This is approximately true for the 
ordinary ray signal. The main difficulty in including magnetic-field effects 
in an analysis suitable for rapid routine application is that its influence is 
frequency dependent and will thus be different for each individual h’(f) 
curve. Heights of reflection calculated without the field correction will be 
greater than the true value. Neglect of the field may produce serious 
errors at the lower frequencies, but in general it may be expected to be 
smaller for the F2 part of the h’(f) curve. Furthermore, even if the absolute 
magnitudes of the calculated parameters are in error, the analysis described 
may still be used to give an accurate indication of the variations of the 
layer spatial characteristics with time. 








Electron density N 





Electron densi 
Senne ene Fig. 2. #, F1, and F2 layers consisting 


Fig. 1. of contiguous parabolic sections. 


2.2 De Groot’s ambiguity theorem 

Consider an electron-density distribution of the type shown by the curve 
ABCDE in Fig. 1. In the region BCD, N is not a single valued function of h, and 
DE Groot (1930) has shown that in this circumstance it is not possible, from an 
analysis of the /’(f) curve, to determine uniquely the distribution of electron 
density with height in this region BCD above the level of the first maximum in N. 
This ambiguity restricts the accuracy to which the true levels of reflection for 
the part of the ionosphere above the level of the first maximum can be calculated, 
but it is possible to estimate the error involved and to place limits on the true 
reflection levels. Further guidance on the most probable distribution in the 
neighbourhood of such minima, especially between regions H and F, can also be 
obtained from a study of the reflections which are often obtained from intermediate 
layers. 
3. THE PARABOLIC VERTICAL DISTRIBUTION OF ELECTRON DENSITY 


A study of experimental h’(f) curves indicates that the actual distribution 
often approximates to a series of contiguous parabolic sections of the form shown in 
Fig. 2. In this diagram the various parts of the curve AB, BC, CD are contiguous 
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sections of parabolic distributions and in practice the points B and C may some- 
times be above, sometimes below, the levels of maxima of the different layers. 
Models of the ionosphere using parabolic layers have been considered by a number of 
earlier workers, but a study of published work indicates that treatments hitherto 
given of contiguous parabolic sections have only been approximate and in some 
cases formulae valid only for full parabolic layers have been incorrectly applied to 
cases in which the assumed models have really been truncated parabolae. It is 
to be emphasized that we are here considering adjacent parabolic sections and not 
overlapping parabolic layers. 

In considering expressions for the equivalent height for signals reflected from 
the uppermost layer shown in Fig. 2, it is useful to note that the E and F2 sections 
are really special cases of the FJ type. Thus the F/ layer shown in Fig. 2 is a 














Electron density N 


Fig. 3. Parabolic layer truncated on upper and lower sides 


parabolic-type layer truncated on both upper and lower sides. The # layer is a 
parabolic section truncated on its upper side only and the F2 layer a parabolic 
section truncated on its lower side. Hence we consider first an expression for the 
semi-equivalent path (i.e. the contribution to the equivalent height) of a signal 
transmitted through a truncated parabolic layer of the type represented by the 
solid line ABCD in Fig. 3. Denoting this contribution to the equivalent height by 
Ah’, we then find 

bs [Ym + sinh-! - = [Ym_\ (3) 
Vz? — 1 a? — 1) 


Al’ = ay. [sinh 


Y’ and Y” are as shown in Fig. 3, y,, is the full semithickness of the parabola of 
which the layer shown in Fig. 3 is a section, x = f/f,, f being the signal frequency 
and f, the vertical incidence ordinary ray critical frequency of the layer. The 
ratios Y’/y,, and Y"/y,, measure the degree of truncation of the full parabolic 
layer on its lower and upper sides respectively. It will be noted that written in this 
form the expression for Ah’ only involves a simple inverse hyperbolic function, 
values of which can readily be obtained from numerical tables. 
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3.1. Application of equation (3) to some special cases 

(i) Case of reflection from a single parabola truncated on the lower side. In this 
case x < 1, the term in Y” does not appear, and we find that the sinh! term is 
replaced by a similar one in cosh~?. For this case the semi-equivalent path in the 
layer is given by: 

y" 

[Ym (4) 

V1 — 2? 





Ah’ = zy,, cosh! 


If Y’ = y,,, we get the case of reflection from a single complete parabolic-type 


layer and (4) becomes 





Ah’ = LY m cosh} - = LY», tanh—1zx (5) 
l—# 
Since 
1 x 
tanh-! 2 —41In | = 
2 \1 —2 


(5) is identical with the expression for the semi-equivalent path in a parabolic 
layer first given by APPLETON (1937). 

(ii) Case of reflection from region F2 for a compound structure of type shown in 
Fig. 2. In this case we can write the solution at once as a sum of terms of the forms 
given in equations (3) and (4). 

: ) bed tf 
+ sinh — ele | 
E layer contribution 


Ah’ = xgY4r sinh 


_ ” 
er Y' il Yr al VY" rilYr1 

+ UpY Fi ‘ee ‘page wae) — sinh PF gy oma 

\ VURy ai 1 Uri — l 


F1 layer contribution 


(6) 


bd Y' pol Yr2 4 
+ UpeY pe \Cosn fit ame 
ee 


F2 layer contribution 


In this expression 2, y, and Y have the same connotation as before, with suffixes 
appropriate to the respective layers ZH, FJ and F2. It is to be noted that since in 
Fig. 2 the point C at which the FJ and F2 layers meet is shown below the peak of 
region F1, we have used — Y”,,, in place of Y”,,, in the above expression. 

(iii) Case of reflection from sporadic E layer. APPLETON and NatsmitTH (1940) 
have suggested that the so-called sporadic or abnormal £ condition is one in which 
there is a very thin layer embedded below the peak of the normal F layer. This 
condition is represented diagrammatically in Fig. 4, and the appropriate expressions 
for the semi-equivalent path in the layer are readily obtained from equation (3). 
For frequencies in excess of f, we simply set Y’ = y,, = yy, and replace Y” by 


—Y”", giving 
¥"l¥z_| 
Ah’ = tpYp leoth— Z_ — sinh? —2—————} . 7 
ie | . Vaz? — 1 7) 
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If f, denotes the cusp frequency (which in this case replaces the true critical 
frequency—see Fig. 4), then for frequencies between /f, and f,, (7) takes the modified 
form 


Y"/4 
AW’ = xpiyp {tanh-* 2 — cosh pes : (8) 
a de 


This expression can, of course, be written in terms of the cusp frequency, since 
| 2 2 
Y"=yn tl —f7lfx*}- 


3.2. Comparison of expressions (3)-(8) with those given by other workers 
Expressions for the equivalent paths of signals transmitted through layers of 
the types shown above have been given by Ratcuirre (1951) and for reflections 





Ye ft 


a 




















Electron density N Electron density N 


Sporadic E layer embedded in normal & layer Lower section of ful! parabolic layer 


Fig. 4. Fig. 5. 


from the sporadic # layer (Fig. 4) by APPLETON and NAISMITH (1940). The essential 
equivalence between the present expressions and those of these workers may be 
readily established. 

RaTCLIFFE considered the group retardation produced by transmission through 
part of a parabolic section of thickness unity. The section concerned is shown by 
the solid line A BC in Fig. 5. Equation (3) will apply to this case if we set Y’ = y,, 
= land Y” = —-y,, and for the group height in the layer we have 


Y (9) 


1 
| Vag? —1 Vi,_? — 1 


Remembering that sinh-! x = In (x — Vz? + 1) and x = f/f,, (9) becomes 


ae +i, ) 
ho => hh |) 
sae’ og \y, + Vy? + (ff)? — U 





which is identical with the expression (16) given in RATCLIFFE’S paper. 
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An expression for Ah’ for the distribution shown in Fig. 4 has been given by 

: : Bn et 2) 

APPLETON and NatsmiTH (1940). If we write coth-+ 2, = } In — 7 
Un — 


Y" = Y~ — Yo to identify with the notation used by these authors, then (8) 


and set 


becomes 





4 ies Tun” Ym ; 
Ah’ = Yon J 7 ' Ym Ym y If f 


/ Su\? (24z Yor Yo fe _ Sr 
aoe () | | (11) 





which is the expression given by APPLETON and NAISMITH. 

Comparing (10) with its equivalent expression (9) and (11) with its equivalent 
(7), it is clear that the present expressions involving inverse hyperbolic functions of 
the parameter ( Y/y,,)/V x? — 1 should prove far more convenient for computational 
work. 

3.3. The cusp frequency in relation to the true critical frequency 

For the type of distribution shown in Fig. 2 there is no real maximum in the FJ 
part of the curve, and for that shown in Fig. 4 the true maximum of the normal # 
layer is obscured by the sporadic # ledge. In such circumstances the corresponding 
h'(f) traces show no true critical frequency (f,), but only a cusp frequency (f,) 
corresponding to the point C in Fig. 2 or Bin Fig. 4. In the analysis given above, all 
the expressions have been given in terms of the true critical frequency f,, and 
hence, in circumstances where only a cusp frequency f, can be measured, some 
consideration must be given to the problem of deducing f, from a knowledge of f, 
and of the shape of the h’(f) curve up to the frequency f,. Three methods of doing 
this are outlined:— 

(i) Successive approximation. From the experimental h’(f) curve the equivalent 
heights are measured at three frequencies /;, f,, and f, just below the cusp frequency 
f,. Let these measured heights be h’,, h’,, h’,. Assuming a parabolic-type layer. we 


then have 
h’, —h’, tanh-!2, — tanh 2, 
/ / me 1 1 or ?( f.) Say. 
h’', —h’, tanh=!z, — tanh z, 

In this expression x, = f/f, is unknown. ¢(f,) is now calculated for a series of 
values of f, increasing from f, in steps of say 0-01 Mc/s and plotted against f,. The 
frequency at which the function ¢(f,) takes on the known value h’, — h’,/h’, —h’s 
is the required critical frequency f.. 

(ii) Tangent method. Again assuming a parabolic gradient, we have 


h’ =h, + xy,, tanh x a == fit. 
Hence 
th’ th’ h’ —h 
de wie gp = Ym tanh 2 + ay,/(1 — 28) = + (12) 
Uh’ 
or x = = (h’ — hy) + x*y,,/(1 — x?) 
dx 


190 





The calculation of the true heights of reflection of radio waves in the ionosphere 


In equation (12) the unknowns are then fo, y,,, and f,. If the slope of the h’(f) 
curve be measured at three selected frequencies /,, f,, and fs, all three unknowns can 


be calculated. 
(iii) Radius of curvature method. If equation (12) be again differentiated with 


respect to f, we obtain 
d?h’ 2Y mn 


dz? = (1 — x)? 


Measuring d*h’/dx® at two values of x, we have 
ial cw [= L—~ 2," 
dx,/ dz, 1—zx;? 


In this equation the only unknown is f,, which can thus be calculated. 














Electron density N Electron density NV 


N(h) profile with intermediate layer 


Fig. 6. N(h) profile with intermediate layer of Fig. 7. 
in form of a wedge. 


constant density. 
4. Tue [onIzATION Density DISTRIBUTION AT LEVELS BETWEEN 
THE PRINCIPAL LAYERS 


It is clear that by varying the degree of truncation of the parabolic layers, the 
magnitude of the ionization density at levels in between the peaks of the principal 
layers can be changed over a wide range of values. The analysis already given for 
complete and contiguous truncated parabolic layers can of course be applied to 
all such types of distribution. However, our studies of a wide variety of experi- 
mental h’(f) curves, show that on many occasions it is necessary to suppose that 
immediately above the level of maximum ionization of, say, the normal £# layer, the 
electron density only falls slightly and then remains at a substantially constant 
value before increasing again on the lower side of the upper FJ layer. Thus 
measurements of the group retardation of H echoes on frequencies just below f;, and 
of F echoes at frequencies just above f,, indicate the need for substantially greater 
ionization between the # and F layers than would be given by a semi-parabola 
or even a complete parabolic E layer. In such cases the distribution may be of the 
form shown in Fig. 6. Over the portion of the curve A BC, the curve is parabolic, 
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and again over the portion DE. Between the levels C and D the density is approxi- 
mately constant. We thus need expressions for the group retardation produced by 
such a slab of constant electron density. 

Let NV, be the constant density over the height range y)(=CD). Then for a 
frequency f > f, which penetrates this region of constant density and is reflected 
from a higher region, the contribution to the group height is 


(13) 


where 


c=fif, and fi = — NW, ; 


7m 


If the electron density in the slab is equal to the peak density in the Z region, 
then we can write x = f/f, in (13). 


(b) 
| 














No Ny No 
Electron density N Electron density WN 


Fig. 8. N(h) profile with linear change in density of the intermediate layer. 


For the case of a wedge of ionization of thickness y) (FC D in Fig. 7) we find the 
expression for Ah’ is modified to 


(14) 


The distributions shown in Figs. 6 and 7 are particular cases of the more general 
types shown in Figs. 8a and 8b. Here between C and D we have a slab of thickness 
Yo, but with a linear change in electron density with height. Fig. 8a shows a linear 
decrease and Fig. 8b a linear increase. For this type of slab we have 


N=N,+ky say 
N, = N, + ky 
We then find the contribution to the equivalent height by such a slab is 


Pr oa 3 : l 
= ——{ fy — J eo oe, 
© Nx =| 
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If k = 0, we return to the conditions of Fig. 6, and (15) reduces to (13) as it 
should. If VN, = 0, we have the conditions shown in Fig. 7, and (15) reduces to (14). 

Conditions similar to those of Fig. 8b, in which the density at the point D 
exceeds the peak density in the Z layer, could give rise on the h’(f) record to a cusp 
frequency on the lower-frequency end of the F-layer trace. The familiar 42 
trace probably corresponds to a distinct second maximum in electron density 
between the #1 and F layers. We have also noticed that quite often the cusp 
frequency just mentioned or the #2 trace are completely absent, leaving a definite 
frequency gap between f,, and the low-frequency end of the F trace (even when the 
latter shows marked group retardation). The frequent occurrence of h’(f) records 
of these types points to the existence of substantial ionization between the H/ 
and F layers. 

The particular assumptions which are made about the electron content in 
these intermediate zones will determine the limits within which the true height of 
the upper layer must lie. Thus consider the simple type of A’(f) curve shown in 
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Fig. 9. (a) h’(f) curve with (b) and (c) possible N(h) profiles. 


Fig. 9a. This is typical of winter day conditions at this latitude (51-6° N) and can 
be interpreted in terms of a simple two-layer ionosphere, each layer being of 
parabolic form. We consider the following two possibilities: curve b of Fig. 9 
shows the solution for a model assumed to consist of a semi-parabola for region H 
and a full parabola for region F, with no intermediate ionization. Curve c shows 
the solution for an assumed model of the type considered in this paper in which 
above the H-layer peak the ionization density remains constant at the H-layer peak 
value and region F is a truncated parabola. The model b of Fig. 9 assumes no 
ionization in the intermediate zone, whereas model c assumes a high electron content 
between the two regions. It will be seen that the absolute levels of the two curves 
in this example differ by about 10 km. It is certain that in this example the true 
level of the F2 layer lies below that shown in Fig. 9b and is probably near the 
curve c. 


5. PrRacticAL APPLICATION OF THE ANALYSIS 


We consider the general solution of the problem for the electron density 
distribution shown by the solid line in Fig. 10. It is assumed (a) that in the 
principal regions (ZH, F1, F2) the distribution is of parabolic form (AB, CD, EF), 
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(b) that in the intermediate regions the ionization density is not significantly 
different from the maximum value of the underlying region, so that these inter- 
mediate regions can be regarded as slabs of ionization of fixed density. With the 
notation shown in Fig. 10, the expression for the equivalent height at vertical 
incidence for a frequency f reflected frqm region F2 is 
, 
; : . : UEY1 ia Yel Yet 
h’ =h, + 2gy, sinh? —————— 4+ SS t+ Spy, Si * 
E Ey E uk 2 1 ! / 2 l 1 Fil: Fl 2 1 
yr 
Lr1 Y2 Y : ralY re 
1 — tp" 
(16) 


+ 5 + Fp p2 Cosh - 
V ap? = aid l 


hy, is the lower edge of the £ layer, 
Yes Yr Yeo are respectively the semithicknesses of the parabolic E, F, and 
F2 layers. 








Electron density N 


Fig. 10. N(h) profile consisting of truncated parabolae 
and intermediate layers of constant density. 


Now, since we assume the density at B to equal that at C, we find 


Yn, — Y' = Yr (1 OER felfrs*} or Y' Yr =Vvil —felfer? 





Similarly, we have 





Y' lyr, = V1 — rp" /ap? 


Hence the fourth and sixth terms in (16) become 


Ln1Y 7, sinh / 
VII Fl 
FUYt N 


The region-# constants hy, and y, can be measured in the usual manner (see, 
for example, APPLETON and BEYNON (1940)) and the above expression (16) for h’ 
can be regarded in terms of the four unknowns ¥,, ¥71, Ya, Yr. Hence, once hy 





L — &p)°/2,° L = &po"/X py)" 


: and 20 re cosh, / 


respectively. 


. 2 
U1 ] — Le 
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and y, are determined, we have only to measure h’ at four frequencies and then 
solve the four simultaneous equations for the four unknown constants. (16) can 
be written 
h’ = hy + $y (xp) - Yu + $2 (xe) - Yr + $3 (Cpr Xp) - Yer + $4 (Up1) - Yo 
° + $5 (€p2,Xp1)-Yr2 (17) 


where 
l 


$,(%_) = Ly sinh (=) = 2, coth x, 





Ll — &p*/2;? 


$2(Xz) = tplV 24,2 — 1, $3(€px, Uz) = Xpy sinh, | PRG isi 
7 





Ll — tpo?/t pp)" 
$4(@p1) = Up1|Vax_,? — 1+ Ps(Xp2> Xp1) = Xpe cosh | I = = 
— type 
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tO. Tt> 20 25 30°35-40 
Xe (or Xe) 
Fig. 11. The functions ¢,(x), $’,(x), and ¢,(). Fig. 12. The functions ¢$3(2 p77, ¢q)- 


The complete solution of (17) can be effected quite quickly with the assistance 
of curves showing these functions ¢. 

In practice, the normal £ layer is more closely simulated by a parabola truncated 
on its lower side than by a full parabola. Thus, the equivalent height of reflection 
for this layer is generally constant over a wide range of frequencies up to about 
0-85f,. In our numerical calculations we have found that no serious error is 
introduced by assuming a fixed degree of truncation for region E, i.e. we use a 
modified function 

; Y'7/Yr 
’ — ee 
$ 1(%p) = Ly sinh Fs ag 
in which we set Y’,/y, = 0-527, this degree of truncation corresponding to the 
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equivalent height remaining constant at frequencies up to 0-85f,. For the semi- 
thickness y,, we have assumed 22 km. 

Typical curves of the functions ¢ required for solving the most general type 
of distribution are shown in Figs. 11, 12, and 13. 
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Fig. 13. The functions $3(% pos Lp) 


A typical calculation 

We now give in outline a numerical example illustrating the application of 
the foregoing analysis. 

Fig. 14 shows the experimental h’(f) curve obtained at Swansea at 1400 GMT 
on 15 May 1952. We proceed to interpret this h’(f) curve in terms of the model 
shown in Fig. 10. 
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The H-layer h’(f) curve we represent by the formula 
h’ ~ = 100 + 22¢’, (vz) 


The F1-layer part of the h’(f) curve we represent by 


h’ 1 = 100 + 226',(az_) + bo(@e) - Y1 + O5(X p21, Ve) - Yer 
€ 500 





400; 
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Fig. 14. Observed h’(f) curve (Swansea, 1400 
GMT, 15 May 1952). 
x x Calculated points for profile of Fig. 15. 


Selecting two frequencies on the FJ trace and reading the corresponding 
equivalent heights, we have the following table:— 





f (Me/s) h’ (km) “ER 


210 1-06 0-78 
280 1-30 0-95 





¢'s(Xxz), bo(Xx), and ¢;(x,;, Xz) are then read from Figs. 11 and 13 giving the 


equations :— 
210 = 100 + 30 + 3y, + 0-32y,, 


280 = 100 + 18 + 1-6y, + 1°34y,, 
from which y, = 16kmand y,,; = 102 km. 
The F2 trace is thus represented by 
h’ po = 100 + 224’; (az) + 166(%~) + 10243(%p;,%~) + b4(Xpz) - Yo + $5(Xp2,% p1)Y pe 


Selecting two F'2 frequencies, we have the table: 
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The ¢ functions are read from Figs. 11, 12, 13, giving the equations: 
345 = 100 + 16 + 22 + 147 + 2-8y, + 0-3y 270 
380 = 100 + 15 + 19 + 94 + 1-46y, + 1-5yyr0 
from which y, = 12 km and yy. = 90 km. 
We thus have all the parameters necessary for constructing the N(h) curve. 


This is shown in Fig. 15. Values of h’ calculated for this theoretical N(h) curve 
are shown in Fig. 14. The close agreement with the experimental curve is clear. 
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Fig. 15. Calculated true-height distribution for h’(f) record of Fig. 14. 
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Fig. 16. Calculated N(h) profiles. Monthly mean, December and June, 
noon and midnight for latitude 51-6° N. 


Monthly mean N(h) profiles for winter and summer noon and midnight 
conditions at Swansea (latitude 51-6° N), calculated by this method, are shown in 
Fig. 16. The good agreement between the calculated and observed values of h’ is 
shown by the points in Fig. 17. 
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Fig. 17. O—O Mean observed h’(f) curves. x Calculated points. 
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The response of the ionosphere to the solar eclipse of 
30 June 1954 in Great Britain 
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Abstract—Vertical incidence measurements of virtual height and critical frequency were made at two 
points at which the maximum obscuration of the disk area was 93% and 74% respectively. The change 
with time in the intensity of the ionizing radiation during the eclipse was computed from the observed 
variation in f,/'1; from this change a model has been constructed giving the brightness distribution of 
the ionizing radiation over the sun’s disk. 92% of the radiation was emitted from a uniformly bright 
disk on which were superposed, near the E and W limbs, small areas having about twice the brightness 
of the disk and, near the poles, similar areas having about half this brightness. 

Accurate measurements of the shape and height of the F'2 layer are difficult owing to the proximity 
of f, Fi and f,F2, but an approximate analysis shows that no major changes in the height or thickness 
of the F2 layer accompanied the considerable fall in f,/2 during the eclipse. 

It has not been possible to make any reliable estimates of «’, or «’,, 


1. GENERAL 


THE belt of totality during the solar eclipse of 30 June 1954 passed just north of the 
Scottish mainland. Lonospheric measurements were made during the eclipse day 
and on ten control days at the permanent observatories of the Department of 


Scientific and Industrial Research at Inverness (N. Scotland) and Slough (S. 
England). The circumstances of the eclipse at these stations are summarized in 
Table 1, in which Amin represents the fraction of the disk area remaining unobscured 
at the maximum phase. 


Table 1. Eclipse of 30 June 1954 





Station. Height Begins Middle End 4 
Noon (UT) (km) (UT) (UT) (UT) 4 min 


Inverness 1219 


Slough 1205 





At both stations, the automatic ionospheric h’f recorders which were used 
allowed each critical frequency to be measured about once every three minutes 
between 0600 and 1800 UT on the eclipse day. During the same hours on each day 
from 25 June to 5 July, records were made every fifteen minutes to provide control 
data. Details of the recorder ranges in use at the time are given in Table 2. 
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Table 2. Ionospheric recorders 





Range 


Station Raa Aerial 
Frequency Height 


(Me/s) (km) 


Inverness . . 0-1050 delta 
Slough -2-9-3 0-1000 rhombic 





During the second half of the eclipse, sporadic-# ionization became much more 
intense than it had been earlier and made it difficult or impossible to read f)H# 
both at Inverness and Slough. Owing to the small difference between f, FJ and 
f,)F 2, which was typical of conditions in June when solar activity is low, the study 
of the Nh’ profile and possible movements of the F2 layer is difficult. Apart from 
these uncontrollable circumstances, successful series of measurements were 
obtained at both stations. 


2. HK and F1 LAYERS 


When the sporadic-# ionization became intense soon after the maximum 
phase of the eclipse at Inverness, it was still possible to see a small cusp which was 
thought at first to represent f,#. Further investigation shows that this frequency 
is too low to be identified as f)# and that it probably refers to a ledge below the 
peak of the # layer (Fig. 1). At Slough, too, it was not possible to obtain any 
reliable values of f)# after the maximum phase owing to strong sporadic-F# ioniza- 
tion (Fig. 2). 

In June the FJ layer is fully developed in Great Britain and, although the 
virtual height of the layer near the critical frequency does not always become 
infinite, the cusps are nearly always sufficiently sharp to allow the nominal critical 
frequency to be estimated to the nearest 0-01 Mc/s. This frequency has been called 
f,)F1, although it does not invariably denote a true maximum in the change of V 
with h. The magnitude of the group retardation indicates, however, that the 
extrapolated “true” value of f,FJ is usually much less than 1° above the value 
read from the records. 

Since the #-layer data are incomplete, the subsequent analysis refers only to the 
F ]1-layer results. However, it was found that during this eclipse, as during several 
others, the correlation between simultaneously measured values of f)# and f, FJ 
was very close and that the relation between them could be represented by a 
straight line through the origin. This observation has been discussed more fully 
elsewhere (Mrynis, 1956a), and appears to indicate that the sources of ionizing 
radiation responsible for the Z and FJ layers respectively are similarly distributed 
over the sun’s disk and have similar relative intensities. In consequence, the 
conclusions regarding solar radiation which have been deduced from the eclipse 
changes in the F 1 layer are probably valid for the H-layer radiation also. 
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Fig. 1. Critical frequencies at Inverness. 
——— median values: 25 June—5 July 1954 
OOO 30 June 1954 
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Fig. 2. Critical frequencies at Slough. 
——— median values: 25 June—5 July 1954 
OOO 30 June 1954 
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3. FI LAYER 


(a) Theory 
The diurnal and seasonal changes in f,F1 show that the FJ layer, like the # 
layer, approximates fairly closely to a Chapman layer. During an eclipse, therefore, 


we may write 
aN /dt = A’g, cos" 4 — a’ N? 
and hence 


A’ (2°) ae a sec" y = J 


a” a’ dt 


where 
n = 1 fora Chapman layer, 
A’ = unobscured fraction of ionizing radiation, 
= rate of generation of electrons per unit volume, 
electron density, 
effective recombination coefficient, 
solar zenith angle. 


For a Chapman layer, when d.N/dt is small, the relation N? oc cos 7 ought to be 
obeyed, but it is often found that in the actual layers this simple relation is not 
valid. If the observed relation is NV? oc cos" v7, where n + 1, it is desirable, when 
analysing eclipse data, to insert the appropriate value of n in equation (2), so as to 
eliminate from the function J any variations due to the normal diurnal changes in 
the layer. For any given value of «’, J can be computed from the experimental data 
and, provided qg,/«’ does not change during the eclipse, the variations in J can be 
interpreted as being entirely due to changes in A’. The practicability of deriving 
the distribution of the solar sources of ionizing radiation from the observed varia- 
tions in A’ then depends on geometrical considerations and on the accuracy of the 
ionospheric measurements. 

There is still some doubt whether some of the ionizing radiation has its origin in 
the corona or whether the whole of it is emitted from the visible disk of the sun. 
Near the first and last contacts of an eclipse it would probably be impossible to 
detect, using f,# and f,F J as indicators, the presence of a narrow emitting annulus 
outside the visible disk. On the other hand, it would certainly be detectable when 
the disk was completely obscured during a total eclipse; unfortunately, in such 
circumstances the calculated intensity of the annulus depends on what value is 
assumed for « when interpreting the ionospheric results. HuUNAERTS and NICOLET 
(1955) have expressed the opinion that during the 1952 eclipse about 15% of the 
total radiation came from outside the disk. A reassessment of the results of 
ionospheric measurements made at Khartoum and Ibadan in 1952 has recently 
been made (Minnis, 1956b), and this leads to the conclusion that all the radiation 
came from the visible disk. In the discussion of the 1954 results which follows, it 
will be assumed that there is no source of radiation outside the disk, but even if 
such a source were present, it would not materially alter the conclusions which 
have been reached in the next paragraph. 


204 





The response of the ionosphere to the solar eclipse of 30 June 1954 in Great Britain 


(b) Hauperimental results 

The values of J derived from the measurements made both at Inverness and 
Slough indicate that 92% of the radiation can be regarded as originating in a 
uniformly radiating disk. When this component is removed, the intensity of the 
residual radiation, as indicated by J (Figs. 3 and 4), is not a function of the 
unobscured area (A), and it has, therefore, been attributed to nonuniformity in the 
brightness distribution over the disk. For this eclipse, the fraction of the radiation 
attributable to uniformly distributed sources does not depend on the assumed 
value of «’. Conversely, it is necessary to know «’ before any definite conclusions 
can be reached concerning the nonuniform sources; it has not, however, been 
possible to obtain a reliable value for «’ from the results of either station. 

Figs. 3 and 4 show the intensity of the nonuniform component both for «’,., = 
10-§ em’ sec! and for the limiting value «’,, = «©. These curves can all be 
interpreted in terms of a radiating disk which is brighter at the east and west limbs 
than at the centre, and darker at the north and south poles. The extent of these 
bright and dark areas cannot be determined with any accuracy, but a model 
having circular symmetry, and in which each of the four sources subtends an 
angle of 60°—80° at the centre, is consistent with the measurements; the values of J 
computed for such a model are also shown in Figs. 3 and 4. The observed contribu- 
tion of each source to the total radiation is given in Table 3 for both values of «’ ;;, 
and it is satisfactory to find that the Inverness and Slough results lead to sub- 
stantially the same conclusions. Each of the entries in Table 3 could be changed by 
about +2 units without significantly spoiling the fit. 


Table 3. Residual sources of radiation near the sun’s limb, 30 June 1954 





North South East West 


, 3-1 Pee 
17 (Cm? s Station 
a FI 7 (per cent of total) 


Inverness 
Slough 
Mean 





Inverness 
Slough 
Mean 





There is some inconclusive evidence at both stations, assuming «’,,, = 10~%cm* 
sec-!, for the existence of a small bright spot near r = 0-85R, P = 255° the 
intensity of which is about 5% of the total. If such a source were present at 
the time, it would account for at least a part of the observed east-west asymmetry. 
The magnitude of this asymmetry depends on the assumed value of «’,,, and can be 
deduced as a function of «’,, using the measurements made at Inverness. The 
intensities (J, J) of the west and east limb sources are found to be J;, (per cent) = 
7+ (8 x 10-8)/«’,, and J, (per cent) = 9 — (8 x 10-8)/a’,,. Thus it appears 
that the west limb must have been considerably brighter than the east limb unless a 
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(a)a’ = 10 cn” sec 
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very high value for «’,, is accepted. It is evident from Table 3 that the choice of 
a’ », has no significant effect on the amount of darkening at the poles. 


4. THE SotarR MopEL 


Assuming «’,,, = 10-8 em? sec“, the resulting model of the brightness (flux per 
unit area) of the sun for the ionizing radiation is shown in idealized form in Fig. 5, 
in which the nonuniform sources are assumed to be evenly spread over the respective 
annular arcs. The areas of the dark polar regions must include at least 5°% of the 
disk area to ensure that there shall be a net emission of radiation, but the iono- 
spheric measurements suggest that the radial thickness of both the bright and the 
dark areas is less than about 0-2 R. 

The 1954 eclipse occurred at the minimum of solar activity which preceded the 
current sunspot cycle, and for almost a month there had been an unbroken sequence 
of spotless days. Visual observations and radio-noise measurements confirmed 


Fa 


ee ae 


Fig. 5. Model of the brightness of the sun’s disk deduced from changes in f, #1 during the 
eclipse of 30 June 1954. 
Relative brightness (flux density): D = 1-0 (reference level), N = 0-0-6, S = 0-0-6, 
E =1-1-1-7, W = 1-8-2-4 


that activity on the disk during June was very low indeed. During the eclipse 
itself, WALDMETER (1955) obtained photographs of an exceptionally quiet form of 
corona, which indicates the almost complete absence of any low-level activity. 

In view of the evidently extreme quietness of the sun during this eclipse, it may 
reasonably be inferred that the departures from a uniformly radiating disk shown 
in Fig. 5 are mainly due to the radiating and absorbing properties of the sun’s 
atmosphere and not to the presence of temporary local disturbances on the disk. 
The doubtful bright spot on the west limb at P = 255° may be a possible exception, 
and it is worth noting that the coronal line at 5303 A was observed faintly only at 
P = 235°-250° by MULuER (1954). The coronal contour map drawn by TROTTER 
and Rogerts (1954) shows only faint radiation at 6374 A on both the east and 
west limbs, with a slight excess of coronal activity on the west limb. Both these 
coronal observations give some support for the conclusion, based on ionospheric 
measurements, that the west limb was more active than the east. 
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For the 1952 eclipse, when solar activity was fairly high but was confined to the 
limbs, it was found that only 64°% of the ionizing radiation could be attributed to a 
uniform disk as compared with 92%, in 1954. It is interesting to note that the 
absolute intensity of the uniform-disk component was about the same on both 
oceasions. This fact also suggests that the radiation pattern for the 1954 eclipse, 
shown in Fig. 5, may be a permanent feature of the sun and that the additional 
radiation, which is present when solar activity is high, originates in localized areas 
of high activity. 


5. THE EFFECTIVE RECOMBINATION COEFFICIENT 


As mentioned earlier, attempts to deduce the effective recombination coefficients 
during the 1954 eclipse have not been successful. It has been possible only to find 


ez : : aN |, 
lower limits by computing the maximum value of — 7 N?} at Inverness when 


dN/dt is large and negative. The resulting values are «’, > 1-0 x 10-8, 
a’ =, > 0-6 x 10-* em* sec. 

6. F2 LAYER 
(a) Method of analysis 

During the eclipse and also on the control days the ratio fp F2/f)F1 did not 
exceed 1-6, and was usually nearer 1-2. The resulting small range of frequencies 
over which the height of the F2 layer could be measured, and the accompanying 
large group retardation due to the F/ layer, combine to make it difficult to carry 
out any accurate investigation of changes in the shape of the F'2 layer which may 
have occurred during the eclipse. 

To obtain a rough idea of the behaviour of the F2 layer, the following method of 
analysis was adopted. The semithickness of the FJ layer was assumed to be 
100 km, and it was further assumed that the F2 layer began at the peak of the F'/ 
layer. The group retardation calculated for this model (RATCLIFFE, 1951) was then 
subtracted from the observed virtual height of the F2 layer over a range of 
frequencies to give a new h’f curve. Finally the Appleton-Beynon (1940) method 
was applied to this derived h’f curve to obtain hm F2 and ymF2. 

The resulting values of these parameters are sensitive to small changes in the 
level, relative to the peak of the FJ layer, at which the F2 layer begins. To a 
smaller extent, changes in the thickness of the FJ layer are also important. In 
consequence, the absolute values of hm and ym as derived above cannot be accepted 
as reliable, although the conclusions regarding changes with time are probably 
valid. 

(b) Experimental results 

At both Inverness and Slough on the control days, the method outlined above 
gave hmF2 = 220 km and ymF2 = 100 km between 1000 and 1400 UT. During 
the eclipse, the difference between f, F2 and f,F'1 became so small between 1250 and 
1330 UT that no measurements of the shape of the F2 layer were practicable. 
For the remainder of the interval 1000-1400 UT, however, the observed values of 
hmF2 and ymF2 were the same as for the control period. The tentative conclusion 
has therefore been reached that, to a first approximation, the eclipse did not 
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cause any change in the height or thickness of the F2 layer. Although small 
changes in the shape of the layer would not have been disclosed, it seems unlikely 
that large changes of the magnitude associated with equatorial eclipses could have 
remained undetected. 

7. CONCLUSIONS 

The variations in the electron density of the F'/ layer have been used to calculate 
the changes with time, during the eclipse, of the intensity of the solar ionizing 
radiation. It is concluded that 92°% of the radiation was emitted from a uniformly 
radiating disk and that the remainder can be accounted for by brightening close to 
the east and west limbs, and darkening near the north and south poles. The 
calculated degree of brightening depends to some extent on the value of «’,, 
which is assumed, but, for a given value of «’,,,, the results obtained at Inverness 
and Slough are in good agreement. It has been possible to obtain only lower 
limiting values for «’,,; and «’y. 

A considerable fall in the electron density of the 2 layer occurred at both 
stations. After allowing approximately for the effect of the FJ layer on the apparent 
shape of the F2 layer, it is concluded tentatively that the eclipse did not result in 
any large change in the height or thickness of the F2 layer. 
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Abstract—By observing the signal radiated by a lightning discharge on a number of frequencies in the 
high-frequency band, and measuring the maximum usable frequency, the range of the source may be 
found from a knowledge of the ionospheric conditions. By measuring simultaneously the direction of 
arrival of the signal, using a low-frequency cathode-ray direction finder operating on 10 ke/s, the position 
of the storm is determined. A preliminary investigation of the technique, reported in a previous paper, 
has now been extended by a more thorough investigation of the influence of ionospheric conditions and 
by improvements in the method of observation. 

It is necessary to know which layer is controlling the propagation and, in the case of F2, to know 
also the height and thickness of the layer. Outside the sunset and sunrise periods, the # and F'] con- 
ditions may be calculated sufficiently accurately from the zenithal angle of the sun; the #2 conditions 
are derived from the predicted critical frequencies and MUF factors. Range measurement appears to 
be impossible when propagation is controlled by sporadic E ionization. 

Observations made during the summer of 1954 are compared with the thunderstorm positions given 
by the Meteorological Office network of direction finders. Some of the measurements were made in 
conjunction with backscatter observations for determining the ionospheric conditions. 

It is concluded that the system provides a possible technique for the location of thunderstorms within 
500-2000 km of a single observing station, for about 70% of the time. Apart from four months around 
midwinter, it is essential to have backscatter equipment to provide continual monitoring for Hs propa- 
gation. An accuracy of 10% in range should be obtained at 1000 km under good conditions. 


INTRODUCTION 


THE location of distant thunderstorms for meteorological purposes is at present 
best achieved by using a network of cathode-ray direction finders operating on 
very low frequencies, at which the energy radiated by the lightning discharge is 
high. A network of four stations has been operated in the British Isles by the 
Meteorological Office for many years (OCKENDEN, 1947; CLARKE and MORTIMER, 
1951) but it is expensive in manpower and an intercommunication system is 
required between the stations. A line-telephone system is used for this purpose, 
but in some countries radio communication is necessary, usually involving addi- 
tional staff, while in other parts of the world a network of stations may be im- 
practicable because widely spaced sites of adequate quality do not exist. 

There is thus a need for a single-station technique for locating thunderstorms 
by observing the direction of the storm with a radio direction finder and measuring 
the range. In an earlier paper, HORNER (1953) showed that in certain circum- 
stances, the maximum frequency at which energy is received in the h.f. band from 
a lightning discharge could be used to assess the range, given a knowledge of the 
ionospheric conditions. The present paper describes the extension of this work, 
based on observations made during the summer of 1954, particularly with regard to a 
wider range of conditions than before, with a more detailed study of the ionosphere, 
the application of backscatter measurements to the technique, and the use of 
directional aerials. 
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2. DESCRIPTION OF THE EQUIPMENT 


The equipment, although limited to two frequencies, was designed to form the 
basis of an operational system capable of working on any desired number of 
frequencies. Basically it consisted of a cathode-ray display on which were pre- 
sented the outputs from two receivers tuned to suitable frequencies in the h.f. 
band. In addition, observations were made on a cathode-ray direction finder, 
such as is used by the Meteorological Office (CLARKE amd Harrison, 1955), 
working on a frequency of 10 ke/s, to determine the direction of arrival of the 
atmospheric signals. A sense channel was provided so that unambiguous bearings 
could be observed. 
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Fig. 1. Block schematic of the equipment. 


2.1. General Layout 

The general layout of apparatus is shown in Fig. 1. Standard communication 
receivers, adjusted to equal sensitivity, were used, and the output from the second 
detector passed through a single-stage video amplifier to one of the Y plates of 
a cathode-ray tube, thereby displaying a unidirectional pulse when an atmospheric 
was received. Separate cathode-ray tubes were used for the two channels, and 
the two traces superimposed by viewing one tube through a half-silvered mirror. 

To facilitate observations, the cathode-ray tubes had persistent screens, and 
successive signals were separated by applying a slowly varying deflection voltage 
to the X plates. This was achieved by means of a Miller integrator circuit, which 
provided a symmetrical saw-tooth voltage and caused the spot of each h.f. display 
to traverse the screen with a period of twelve seconds. 

The direction finder incorporated a brilliance modulator which was triggered 
by atmospherics reaching a predetermined field strength; the output from this 
unit modulated all the cathode-ray-tube displays, so that no trace appeared on 
any display unless an atmospheric was received by the direction finder. 
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For matching the gains of the receivers, a noise generator was used, consisting 
of a crystal diode through which a current was passed, thus providing a uniform 
energy spectrum. The output from this generator could be applied to the input 
of the receivers in place of the aerial. 


2.2. Aerial Systems 

For general observations, an omnidirectional aerial consisting of a single vertical 
wire 10 m long was connected to the two receiver input circuits in parallel. 

In order to study the possibilities of directional aerials, an inverted V aerial 
was used for reception from the south-east, a generally active thunderstorm sector. 
The aerial was terminated at each end, the output load consisting of two cathode 
followers in parallel, each of which was connected to a receiver through a coaxial 
cable. 

On a frequency of 10 Me/s the aerial had a beam width in the horizontal plane 
of 100 degrees for 6 dB down on peak value with no significant side lobes, and an 
effective height of about 35 m. The first null in the vertical plane was at 30° to 
the horizontal, so that the aerial was suitable for reception only at ranges greater 
than about 1500 km, using F2 layer propagation, or greater than about 500 km 
using the # layer. 


3. OBSERVATION TECHNIQUE 


The observations required two operators, one watching the h.f. display and 
the other reading the cathode-ray direction-finder bearings. Although only two 


traces had to be considered on this experimental h.f. equipment, the experience 
gained indicates that a bank of six small cathode-ray tubes, each displaying a 
different frequency, could have been readily interpreted by one observer. 

An important feature is that as the brilliance of the h.f. display is controlled 
by the cathode-ray direction finder, the traces are visible only when an atmospheric 
of a certain minimum amplitude is receiver at 10 ke/s by the direction finder. 
The problem is then to decide on which of the selected frequencies, if any, a signal 
is received by the h.f. equipment. The number of reliable indications that can 
be obtained is limited mainly by man-made interference. The most serious sources 
of interference are radio transmitting stations, and although the bandwidth of 
the receivers was reduced to 1-6 ke/s for 6 dB down, it was often difficult to select 
clear channels. Also, the equipment was operated in an electrically noisy area, 
and in the few seconds during the persistence of the trace it was not always possible 
to decide whether a signal was in fact an atmospheric or man-made electrical 
interference. In spite of these limitations, h.f. information could be assessed for 
about 80°% of the flashes which triggered the cathode-ray direction finder under 
typical operating conditions. 

By using the h.f. equipment described above and its associated direction 
finder as an additional station in the Meteorological Office network, a direct 
comparison was possible between the h.f. data for each flash and the cathode-ray 
direction-finder fix. For routine meteorological observations, one station takes 
control and automatically radiates a short audio pulse over the telephone net- 
work when a received atmospheric exceeds a predetermined field strength. This 
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ensures that the stations take bearings on the same atmospheric, and this technique 
was used also for the majority of the h.f. observations. The audio pulse was 
received by the h.f.-display observer, who decided whether a signal had been 
received on both frequencies (coded 2), the lower frequency only (coded 1), or on 
neither frequency (coded 0). 

An accurate evaluation of the relative amplitudes of the traces was not normally 
made, as when both frequencies were received they were generally similar. Amp- 
litudes were noted, however, when the signals were very small, indicating that 
there was some doubt whether they were genuine atmospherics, or when un- 
mistakable signals were received on both frequencies, but of very different 
amplitudes. This latter effect was most noticeable for atmospherics at close ranges 
—say less than 500 km. Very occasionally a signal was received on the higher 
frequency only, but was not usually received by the cathode-ray direction-finder 
stations, suggesting that it arose from locally generated interference. 

It was suggested in the earlier paper (HorNnmR, 1953) that the backscatter 
technique (SHEARMAN, 1956) for determining ionospheric conditions at oblique 
incidence might be used to assist the interpretation of the h.f. results. To investi- 
gate the usefulness of such information, observations were recorded photographi- 
cally once an hour for several days when regular h.f. observations on atmospherics 
were being made. 

The backscatter results were in two forms. 

(i) Observations on 10, 11, 13, 15, and 17 Me/s, using a horizontal rhombic 

aerial directed towards 112° east of north, giving an A-scan display. 

(ii) Observations on 17 Me/s, using a rotating Yagi aerial system giving a p.p.i. 

display. 
The frequencies used for receiving atmospherics on the h.f. system lay between 
8 and 16 Me/s and the p.p.i. observations were not directly applicable for the 
calculation of skip distances. However, they were useful in disclosing the presence 
of strong sporadic EF ionization, which would otherwise have been undetected, 
on azimuths outside the beam of the fixed rhombic aerial. 


4, RANGE DETERMINATION FROM IONOSPHERIC CONDITIONS 


In its simplest form, the problem is to find the skip distance in a certain 
direction for the highest frequency on which energy is received from a lightning 
discharge; this frequency is called the maximum usable frequency, or MUF. 


4.1. Methods Used for Determining Skip Distance 


Two approaches are possible to this problem. The first is based upon the 
predicted behaviour of the ionosphere at the point of reflection, and the second 
upon a practical measurement made by means of a backscatter equipment, closely 
in time to the observations made on atmospherics. 

Using the first method based upon predictions, one must first determine the 
maximum usable frequency factor (/d)L. This is the ratio of the MUF to the 
ordinary wave, vertical incidence, critical frequency at the point of reflection, from 
which the skip distance d for a given regular layer L may be determined. The 





C, CLARKE and B. J. BYRNE 


actual range computation may be done graphically, using curves of the form 
shown in Fig. 2, in which the maximum usable frequency factor is plotted as a 
function of the skip distance for various heights of maximum ionization density 
hm, assuming a parabolic ionization distribution. The shape of the curves varies 
with the ratio of the semithickness ym to the height hy of the lower edge of the 
layer. The value ym/h, = 0-6 taken in the figure is typical for the F2 layer. 

A fuller description of the technique used for estimating range by this method 
is given in an appendix to this paper. 

For the second method, using the backscatter technique, radio frequency 
pulses are radiated in the observed direction from which atmospherics have 
been received and on the measured maximum usable frequency. After reflection 
at the ionosphere, part of the energy is scattered at the ground and travels back 
along the same path to the transmitter, where the minimum time-interval between 
the emission and reception of the pulse is observed. Knowing the layer and the 
height of reflection, the relation between the skip distance and the observed 
time-delay may be established graphically. This method has the merit of 
being, at least in part, a practical measurement of the ionospheric conditions 
pertaining at the time of the observation. In addition, errors in range resulting 
from using the wrong height of reflection decrease with increasing distance, which 
is the converse of the prediction method using graphs similar to Fig. 2. 
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Fig. 2. Plot of Md against d for ym/h, = 0-6. 


4.2. Modes of Propagation 

Whichever method is used to assess the range, it is necessary to decide 
which layer is controlling the propagation and to make a reasonable prediction 
of its height and possibly thickness. If only the regular layers need be considered, 
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it is estimated that the layer controlling propagation up to a range of 2000 km 
from the British Isles may be correctly forecast for about 85°, of the time. In 
practice, observations are not necessary for the full twenty-four-hour period, and 
it is reasonable to consider the times at present covered by the Meteorological 
Office routine c¢.r.d.f. observations, that is from 0600 to 2100 UT. During the 
winter months, the maximum usable frequency will be propagated via theF2 
layer for all distances. At midsummer the £ layer will control propagation from 
0600 to about 1700 and the F2 region from 1700 to 2100; at ranges less than 1000 
km, F2 will have increasing influence as winter conditions approach, particularly at 
sunspot maximum. The greatest uncertainty will occur during the intermediate 
months of April and August, when daytime propagation may be by the Z, FJ, or 
F2 layers. This applies particularly in the morning, when the critical frequencies 
for Fl and F2 are similar, but the lower height of the FJ layer favours propagation 
by this mode. No difficulty would, of course, be experienced at night, when the 
E and F1 layers do not exist, and it is sometimes possible to decide between the 
modes by following the observations at intervals through the sunrise or sunset 
periods. 

Unfortunately, propagation is not always by way of the regular layers, but 
may be controlled by sporadic £ ionization, and it must be emphasized that no 
ranging is possible under these conditions. However, although the incidence of 
sporadic EF ionization is largely unpredictable, backscatter measurements offer a 
satisfactory means of monitoring for Hs, and for this purpose the p.p.i. type of 
display described in Section 3 is particularly helpful. 

The overall seasonal trend of Hs is also well established, and its frequency of 
occurrence builds up rapidly in the spring and then gradually decays from mid- 
summer onwards. For about four months around midwinter there is virtually no 
trouble, particularly as the critical frequency, for the F2 layer is then at its maximum 
and the height at its minimum value. In spring and summer, however, propagation 
by the Hs layer may be possible at any time, and backscatter records (SHEARMAN, 
1956) made in 1952 show such complex echo displays that it is impossible to identify 
the various modes of propagation. The effect was apparently not so noticeable 
during the earlier h.f. ranging experiments in 1949-1950, presumably because it 
was nearer the sunspot maximum and the F2 layer was more likely to control the 
propagation. 

Some discrimination against H-layer and sporadic #-layer propagation at long 
range may result from the reception pattern of the aerial in the vertical plane. 
With most simple aerials, such as a vertical quarter-wave type, 4/4 above ground, 
the pickup factor will fall rapidly at elevation angles less than 10°, owing to 
earth losses. The signals propagated by normal # and sporadic £ layers will there- 
fore fall off for ranges greater than about 1100 km and will probably not be received 
at all beyond 1500 km. Propagation at these ranges will be by the F2 layer for 
all times of the year, provided that the ionization is not sufficiently intense to 
prevent penetration of the Hs layer at higher angles of elevation. 

Furthermore, even in the presence of strong sporadic F ionization, there are 
frequently clear sectors, as shown by backscatter measurements, through which 
it is possible to obtain signals reflected by the normal layers. The overall result 
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Fig. 3. 0935-0950 UT, 8 September 1954. Frequencies 8-0 and 9-0 Mc/s showing possibility 
of confusion between E- and F2-layer propagation. 
0 = Signal not received on either frequency. 
1 = Signal received on lower frequency only. 
2 = Signal received on both frequencies. 


is that range measurement should be possible, using known, regular layers for 
of the total time, provided that backscatter measurements are available 


about 70%, 
for monitoring purposes. 
5. Typican RESULTS 
To eliminate the uncertainty of whether sporadic EF ionization was present 
and influencing the propagation of the signals, the results given in this paper are 
based mainly on records taken from 6 to 10 September 1954, as it was only for 
this period that regular backscatter measurements were available. The figures 
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Fig. 4. 1615-1635 UT, 9 September 1954. Frequencies 10-5 and 11-0 Me/s. 
Propagation by F2 layer. 
0 = Signal not received on either frequency. 
1 = Signal received on lower frequency only. 
2 = Signal received on both frequencies. 


show the location of individual flashes obtained by the Meteorological Office net- 
work of direction finders. They are coded 2, 1, or 0 respectively, denoting that 
corresponding signals at h.f. were received on both frequencies, the lower frequency 
only or on neither frequency. 

Fig. 3 shows two storm centres, to the east at about 900 km and to the south 
at 1300 km; reception was on 8-0 and 9-0 Me/s. The southern storm was beyond 
the skip distance for both frequencies, and signals were received from ten flashes 
on both frequencies and five flashes gave no signals on either frequency, the latter 
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probably from lack of signal strength. The skip distances are practically identical 
for both # and F2 propagation. 

To the east, eleven flashes were received on the lower frequency only and six 
on both frequencies. The predicted skip zones for the # and F2 layers are also 
similar in this case, and it is difficult to decide which was controlling the propaga- 
tion, but the difference in range is small. The skip zones derived from the vertical 
incidence data measured at De Bilt agree with those shown and indicate that 
probably the # layer was in fact controlling the propagation. The backscatter 
records suggest that no Hs ionization was present, although no direct comparison 
is possible, as the lowest observed frequency was 10 Mc/s. 

It seems probable that individual flashes from this storm could have been 
located to an accuracy of about 10% of the range, with an equipment using a 
number of frequencies. 

Fig. 4 shows a similar situation with a storm to the east, placed by the cathode- 
ray direction-finder network at a rather greater range of 1200 km. H.f. propagation 
at this time of day, 1630 UT in September, is by the F2 layer, and the predicted 
zones for the frequencies used gave a range about 5% high, but in agreement 
with that derived from the measured data of De Bilt, which is near the midpoint 
of the path. There is scatter in the cathode-ray direction-finder fixes, but the 
trend from signals on neither frequency to signals on both frequencies with 
increasing range can be seen, and this is clearly a storm which could have been 
accurately located. 

An unusual feature in this case is that the backscatter records indicate a range 


about 8% higher than that predicted; the difference, if any, is usually of opposite 
sign. The flashes to the south-east are scattered, but are generally consistent 
with the predicted skip zones, and suggest, like the eastern storm, that the back- 


scatter range is too great. 

A series of results covering the period 1840-2000 UT on 8 September is shown 
in Figs. 5, 6, and 7. Backscatter records for this period show that strong sporadic 
E ionization was building up, at first to the south-east and later to the east, but 
that the northern direction was clear at all times. 

Fig. 5 refers to 1840-1900, using frequencies of 7-6 and 8-9 Mc/s. Of eight 
cathode-ray direction-finder fixes obtained to the north, six were received on 
the lower frequency only and two on both frequencies. Propagation was by the 
F 2 layer and the predicted zones are in general agreement with the fixes. 

By 1930 this storm had moved further north (Fig. 6), and although the fre- 
quencies were raised slightly for this run to 8-4 and 9-1 Me/s, signals were received 
on both frequencies for all flashes. The predicted zones for this period coincide 
with those derived from a mean of the measured data of Slough and Inverness, 
and suggest that the storm may have been more distant than shown by the cathode- 
ray direction-finder fixes. The range discrepancy is, however, only a few per cent. 
During the period 1940-2000 further cathode-ray direction-finder fixes were 
obtained in this area, but no signals were received on 13 or 14 Mc/s, as the storm 
was inside the skip zone for these frequencies (Fig. 7). 

Referring back to Fig. 5, from the storm in northern Germany signals were 
received mainly on the lower frequency, indicating the predicted range to be 
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Fig. 5. 1840-1900 UT, 8 September 1954. Frequencies 7-6 and 8-9 Mc/s. Propagation to 
the north and east by F2 layer, propagation to the south-east by sporadic E-layer. 
0 = Signal not received on either frequency. 

1 = Signal received on lower frequency only. 

2 = Signal received on both frequencies. 


Backscatter records suggest this azimuth was free from Es 


about 5% low. 


ionization. 
Further to the south in Fig. 5 a storm on the azimuth of the backscatter 


aerial was giving signals on both frequencies. Although this is not inconsistent 
with the F2 zones, the backscatter records show intense sporadic F ionization 
in this direction, since the skip zone for 10 Mc/s was only 400 km, and Fs ionization 
was almost certainly influencing the propagation. This is shown more clearly in 
Fig. 7, one hour later, when the storm had become more widespread. Reception was 
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Fig. 6. 1930-1940 UT, 8 September 1954. Frequencies 8-4 and 9-1 Me/s. 
Propagation by F2 layer. 















0 = Signal not received on either frequency. 
| Signal received on lower frequency only. 
2 = Signal received on both frequencies. 


on 13 and 14 Me/s and the F2 zones were well beyond the area of the storm. The Es 
ionization was still intense in this direction and the backscatter range for 13 Mc/s 
was about 625 km. It will be noted that the storm gave a mixture of type 0, 1, 
and 2 responses. This effect is found to be generally typical of Hs-layer propagation. 
It was not evident in the run shown in Fig. 5, because any signals not propagated 
by the Zs layer would in any case be transmitted by the F2 layer. 

A series of runs taken on 30 July 1954 from 1000 to 1200 may be taken as 
typical of midsummer conditions when Es may be prevalent. The earlier runs on 
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Fig. 7. 1940-2000 UT, 8 September 1954. Frequencies 13-0 and 14-0 Me/s. 
Propagation by sporadic E-layer. 
0 = Signal not received on either frequency. 
1 = Signal received on lower frequency only. 
2 = Signal received on both frequencies. 


this day gave results consistent with propagation by the normal / layer, with 
no indication of the presence of Hs ionization. An example is shown in Fig. 8, 
taken at 1115, without backscatter equipment. Frequencies of 11-3 and 13-1 Me/s 
were used initially, and the cathode-ray direction-finder network fixed three flashes 
in a storm in northern Germany, which gave no response on either high frequency, 
suggesting that no Hs ionization was present and that the sources were within the 
skip zone for both these frequencies. 

The frequencies were then changed to 8-0 and 10-0 Me/s, and the results obtained 
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Fig. 8. 1115-1125 UT, 30 July 1954. Frequencies 8-0 and 10-0 Mc/s. Propagation by 
Eand F2 layers. The crosses x indicate fixes which produced no h.f. signals on frequencies 
of 11-3 and 13-1 Me/s suggesting that no Hs was present on this azimuth. 

0 = Signal not received on either frequency. 

1 = Signal received on lower frequency only. 

2 = Signal received on both frequencies. 


were in satisfactory agreement with the predicted zones for normal layers, signals 
from the nearer storm being propagated by the normal £ layer and those from the 
more distant sources, at ranges indicated by the cathode-ray direction-finder 
network as greater than 2000 km, by the F2 layer. 

Later runs suggested the gradual growth of Hs ionization until at 1615 the 
run shown in Fig. 9 was made. Here signals from a well-defined storm in northern 
Germany could have been propagated only by sporadic EF ionization, the skip 
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Fig. 9. 1615-1625 UT, 30 July 1954. Frequencies 14-0 and 15-0 Me/s. 
Propagation by sporadic H-layer. 
= Signal not received on either frequency. 
= Signal received on lower frequency only. 
2 = Signal received on both frequencies. 


zones for the frequencies used (14-0 and 15-0 Mc/s) extending beyond the boun- 
daries of the figure. 

Finally, Fig. 10 shows a plot obtained by means of the high-frequency tech- 
nique, prepared without reference to the known storm positions, compared with 
the Meteorological Office routine plot for the same period, 1450-1500 UT on 8 
September 1954. It illustrates the type of plot that would be obtained in the 
practical application of the technique, i.e. lines radial to the observing station, 
the length and position of the lines being determined by the frequency intervals 
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Fig. 10. 1450-1500 UT, 8 September 1954. Frequencies 8-0 and 9-0 Me/s. 
Full lines indicate locations obtained by h.f. technique. 
Crosses show routine Meteorological Office fixes obtained independently for this period. 


between the receiver channels. In this case only two frequencies were used, on 
8 and 9 Me/s, and, in consequence, only one zone can be illustrated. With addi- 
tional observational frequencies, other zones would have been obtained corre- 
sponding to the cathode-ray direction-finder fixes shown in the figure. 

Within the limitations imposed by the restricted number of frequencies, reason- 
able agreement is obtained between the locations obtained by the two methods. 


6. EVALUATION OF THE TECHNIQUE 
The results described in the previous section illustrate typical conditions 


encountered during the observations. To assess the reliability of the system, the 


224 





The location of thunderstorms by a single-station high-frequency ranging technique 


results of sixty runs taken during five days in September 1954 were analysed by 
comparing the range determined from h.f. predictions against actual storm 
locations obtained from the cathode-ray direction-finder fixes. During the runs 
made in conjunction with the Meteorological Office, the frequencies were chosen 
to give a selection of type 0, 1, or 2 responses. Subsequent analysis showed that 
the choice of frequencies was often incorrect, and it is very difficult therefore 
to assess the performance of a full-scale equipment in which no difficulties would 
arise from the choice of frequencies. 

Of the five days of observations considered in the analysis, useful results were 
obtained in fifty-five of the sixty periods of observation; the others either pro- 
duced insufficient data or were in periods when thunderstorm activity was scattered 
over a wide area. 

The fifty-five useful sets of results may be subdivided according to whether 
they were or were not affected by sporadic FE ionization. 


(a) Results Unaffected by Sporadic E Ionization 


In nineteen of the thirty-eight runs in this category, the frequencies were 
correctly chosen for the location of most of the existing storms, and twenty-three 
centres were located. The ranges differed from those suggested by the cathode-ray 
direction-finder network by an average of +7°%, with a standard deviation of 8°%. 
With a wider range of frequencies, fourteen other storm centres would probably 
have been located. 

The remaining nineteen runs were in conditions favourable to the technique, 
but the frequencies were wrongly chosen to give the ranges of the storms located 
by the cathode-ray direction-finder network. By a suitable choice of frequencies, 
forty-two storms would have been located during these periods, and these runs 
may therefore be considered potentially successful. 


(b) Results Affected by the Presence of Sporadic E Ionization 

During seventeen runs, sporadic # ionization was present in varying amounts. 
On nine of these occasions storms could be located on azimuths clear of Hs and 
on the remaining eight occasions, although clear azimuths were still present, they 
did not coincide with the azimuths of the storms and no range measurement 
was possible. 

If these figures may be taken as typical of September conditions, then at this 
time of year storms may be located on about 70% of the occasions. The method 
is obviously more applicable to active storms of small geographical area when a 
large number of observations may be obtained for a given location. However, 
if backscatter observations are available to indicate the presence or absence of 
sporadic ZH ionization, scattered activity could be successfully located on azimuths 
free from Es. 


7. CONCLUSIONS 


The system described provides a possible ranging technique for the location of 
thunderstorms within 500- to 2000-km radius of a single observing station in the 
latitudes of the United Kingdom. Satisfactory results are obtained only when 
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propagation occurs via the regular ionospheric layers, and it is estimated that 
this is possible for about 70% of the total time. 

During the four months around midwinter, little or no difficulty would be 
experienced from sporadic # ionization and ranging should be possible on prac- 
tically all occasions. At other times it would be essential to combine the ranging 
equipment with a back-scatter measurement equipment, using a common aerial 
array for the two systems. If the aerial system is chosen to discriminate against 
low-angle radiation, propagation for the longer ranges will always be by the F2 
region, as discussed in Section 4.2, and the propagation mode for the closer ranges 
may usually be determined from the backscatter display. A direct estimate of 
the skip ranges for all the frequencies is then possible, provided the height of 
reflection, and in the case of the F'2 layer the thickness of the region, are known. 
The error introduced by assuming the wrong height of reflection decreases with 
increasing range, and for this reason the backscatter system is most useful for 
ranges in excess of 500km for H-layer reflections or 1000 km for F2-layer 
propagation. 

If the range is estimated purely from a knowledge of the ionospheric constants, 
the accuracy decreases markedly at ranges in excess of 2000 km, since at high 
angles of incidence a small increase in the MUF factor results in a large increase 
in range. The information provided by the backscatter equipment derived from 
actual, transmissions over the path concerned is particularly valuable in these 


circumstances. 
As only one reflection at the ionosphere is involved, and since the reception 


which matters most to the operator occurs near the MUF, the strength of the 
received signal will usually depend to a lesser extent upon ionospheric absorption 
(under normal conditions) than upon conditions at the source. The maximum 
practical range is thus largely determined by the power radiated by a typical 
lightning discharge. This will depend upon whether cloud strokes or earth-return 
strokes are involved, and upon the effective height of the discharge. Using the 
simple vertical aerial, successful results have been obtained at a range of 2000 km, 
and it seems probable, if a directional aerial is used, consistent results could be 
obtained from storms at this distance. 

At a range of 1000 km, the accuracy of location is comparable with that 
obtained by the four-station British-Isles network of direction finders. However, 
the complexity, operating difficulties, and high cost of the backscatter equipment 
required as part of the installation makes the system of value only in locations 
where a network of direction finders is impossible or where a backscatter iono- 
spheric sounding station has been installed for other purposes. 

The inability of the technique to give locations at ranges less than 500 km 
from the observing point is also a serious limitation. This difficulty could possibly 
be overcome by combining the ranging system with a short base-line direction- 
finding network consisting of, say, three stations about 150 km apart, but then 
the overall system would give no saving in manpower. 
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APPENDIX 


Prediction Method for Assessing Range 
The actual procedure used to determine the range from a knowledge of the MUF will vary 


according to which layer is controlling the propagation. 


E- and F1-Layer Propagation 

Under normal ionospheric conditions a simple relationship exists between the maximum 
usable frequency factor and the skip distance for the H and F/ layers. Outside the sunrise 
and sunset periods, the behaviour of the layers is sufficiently regular to enable the critical 
frequencies to be calculated from the zenithal angle of the sun and to assume constant values 
for the height of each layer. The computation then proceeds in two stages. 

(i) An MUF factor is found from the ratio of the highest frequency on which the atmospheric 
is received to the critical frequency at the observing point. Knowing this factor and the 
height of the layer, the approximate skip distance is read from the curve. 

(ii) The calculated critical frequency for the midpoint of the path defined by this skip 
distance is then used to determine the final range. 


F'2-Layer Propagation 

The range determination for the #2 layer is more difficult, since, in addition to the critical 
frequency f,f?, the height and thickness of the layer must be predicted. Also, the critical 
frequency does not follow a simple law as in the case of the # and FJ layers, and predicted 
values, based largely on past experience, must be used as follows. 


(i) The height hm is determined for the observing point from the predicted value of the 
MUF factor for a skip distance of 3000 km (M3000) #2, using the curves described 
above and assuming ym/hy = 0-6. 

From this value of hm and the ratio of the observed MUF to the predicted /)/'? at the 
receiving point, an approximate skip distance is obtained. 

The predicted values of hm and f,f? for the midpoint of the path defined by this skip 
distance are then used to determine the final range. 
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At ranges less than 1000 km, a correction is necessary for propagation by the extraordinary 
ray. At the shortest range considered here, about 700 km, the correction amounts to 6%, 
decreasing to about 2% at 1000km. A further refinement was used during the tests to com- 
pensate for day-to-day departures of f)/2 from the predicted values. Regular hourly measure- 
ments of f, #2 at Slough were available, and the predicted values at the midpoints were corrected 
in the ratio of the measured to the predicted values at Slough. The correction required did not 
usually exceed 5%, and its utility has not been established; in many cases the ranges would 
have agreed better with the cathode-ray direction-finder fixes if no such correction had been 
applied. 
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THE study of meteors by radar techniques, utilizing the backscatter of energy 
from the ionized trails, has come into prominence in the last decade. (See Kaiser, 
1953, for example.) An even more recent development, not so well known, is the 
use of widely separated transmitters and receivers to provide the more prolonged 
forward-scattered signals (VILLARD, PETERSON, MANNING, and ESHLEMAN, 1953; 
ForsytH and VoGan, 1955). In both cases, the observations are strongly con- 
ditioned by a requirement for specular scattering, which tends to pick out certain 
meteors with preferred orientations at the expense of others. As a result, the 
statistical properties of the observed meteors generally differ from those of the 
parent sample. This renders more difficult the identification of a meteoric back- 
ground signal and the interpretation of its characteristics. The effects are fairly 
well established for backscatter measurements, particularly when a narrow beam 
is used (KAISER, 1954a and b). It is the purpose of this note to indicate the types 
of distortions that may be expected for forward-scatter, in middle latitudes, over 
path lengths of the order 1000 km. 

The predictions are based on the theory of meteor observability, which has 
been developed and checked against preliminary observational data elsewhere 
(Hines, 1955; Forsyru, Hives, and Voaan, 1955). Perhaps the most striking 
effects are to be found in the diurnal variation in the detection rate of shower 
meteors. This is shown in Fig. 1 for two paths currently in use in western Canada, 
Winnipeg to Suffield and Winnipeg to Churchill, for meteor showers of equal 
intrinsic strengths but of different declinations. The abscissa in each case measures 
time over a 24-hour interval, centred on the time of upper transit of the shower 
radiant (as observed at the midpoint of the path). Except for slight asymmetries 
in the patterns shown, related to actual path orientation, these curves are typical 
for middle-latitude east-west and north-south paths respectively, when using 
broad antenna coverage centred above the midpoint. Of special interest are the 
nulls which occur in some cases at times of upper transit, since the true incidence 
rate actually reaches a maximum then. 

Because of the earth’s motion about the sun, there is a general tendency for 
meteoric incidence to be greater on the forward side of the earth (06 hours) than 
on the trailing side (18 hours). Random meteors can then be thought of as a highly 
diffuse shower, with radiant centred on the apex of the earth’s way. Accordingly, 
the rate of detection of the random meteor background will undergo a diurnal 
variation, though its prediction now involves a weighted integration of observa- 
bility over all angles of incidence. There result curves of the type illustrated in 
Fig. 2, which show the anticipated variations for the two circuits previously 
mentioned, and for a third (Cedar Rapids to Ottawa, with asymmetric antenna 
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coverage) which has also been employed. It is quite apparent that a background 
of meteor signals on forward-scatter paths need not maximize at 06 hours, even 
though the true incidence rate may then be greatest. 

The mean signal level, as distinct from the number of individual signals, is 
expected to show much smaller variations in the course of a day. This is because 
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Fig. 1. Predicted diurnal variations in shower meteor counts. 








the trails tend to form at lower heights, where their diffusion is less rapid, and their 
scattered signals therefore persist longer, during the afternoon hours of low 
activity. 

The curves in Fig. 2 are based on an assumed isotropic distribution of meteor 
velocities in a heliocentric system, and on a line density of trail ionization which 
is independent of meteor speed. Although these assumptions are subject to 
question, and alternatives may have to be checked, the curves in Fig. 2 show 
good agreement with preliminary observational data. 
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Fig. 2. Predicted diurnal variations in random meteor counts. 
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Fig. 3. Predicted diurnal variations in random meteor counts. 
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The effect of beaming the antennas to either side of the path is indicated 
roughly in Fig. 3. This figure actually shows the contributions from each side of 
the path separately, in the case of broad-beamed antennas directed along the 
path, but the implications are clear. The curves are typical of east-west and 
north-south paths in middle latitudes in the northern hemisphere; in the southern 
hemisphere, the contributions from the north and south sides of an east—west 
path would be interchanged. Figs. 2 and 3 apply at the solstices, but the cor- 
responding figures for other seasons are quite similar. 

These results were obtained at the Radio Physics Laboratory, Ottawa, as a 
part of project PCC No. D48-95-11-01. 
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RESEARCH NOTE 





Ionospheric changes associated with the solar event of 23 February 1956 
(Received 15 April 1956) 


THE measurements discussed in this note are based on h’f records obtained at the ionospheric 
observatories at Singapore, Inverness, and Slough. The magnetometer at Singapore 
measures the skin resistance of a mumetal wire and records a value integrated over a 
period of about 30 sec. 
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Fig. 1. Solar event of 23 February 1956. 
(a) Change in horizontal component of geomagnetic field. 
(b) Increase in ionospheric absorption (approximate). 
Singapore (Lat. 01° 19’ N, Long. 103° 49’ E) 

On 23 February 1956 at 0330 UT + 5 min, a very sudden increase (AH = 58 y) occurred 
in the horizontal component of the geomagnetic field. This was followed by a slower 
increase which resulted in a peak deflection, 10 min after the initial rise, of 77 y. These 
changes in H are shown, slightly smoothed, in Fig. 1(a) and are consistent with the occurrence 
of a solar flare which was, in fact, seen at Tokyo and Kodaikanal. From an examination 
of the original magnetometer trace, it appears as if H had returned to normal at 0440 UT. 
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Research note 


The simultaneous increase in D-layer absorption, which normally accompanies such 
flares, was observed by measuring the minimum frequency (fmjn) on which radio reflections 
could be obtained from the E or F layers of the ionosphere. A very rough estimate of the 
increase in electron density in the absorbing layer has been made by computing the ratio 
(fy + fir) Ife + fi? -s B/By 
fr, = gyrofrequency round the vertical component of the 

geomagnetic field, 
tf, =fmin On 23 February 1956, 


fo =fmin On control days (mean). 


where 


The resulting values of B/ By are shown in Fig. 1(b) in which a sudden increase has been 
assumed to coincide with the magnetic crochet. At 04 UT no reflection was received even 
from the F2 layer and, in consequence, only a lower limit can be given for B/ By. 

Measurements of the intensity of atmospheric radio noise in the h.f. band reflected the 
increased absorption in the ionosphere. A marked fall in intensity (17 dB) was found at 
04 UT on a frequency of 15 Me/s; the fall was not so great on 10 Me/s (6 dB) and 20 Me/s 
(4 dB), and was negligible on 2-5 and 5-0 Me/s. No intensity measurements were made at 
05 but at 06 UT the level was normal. 


Inverness (Lat. 57° 27’ N, Long. 04° 15’ W) 

The small, but abrupt, increase in B/B, between 03 and 04 UT is probably significant, 
but the most pronounced increase occurred after sunrise, and this was followed by a 
return to normal after sunset. 


Slough (Lat. 51° 31’ N, Long. 00° 34’ W) 
Except for the slightly higher level of B/B, at 09 and 10 UT, no abnormal ionospheric 


effects were observed. 


Tentative Conclusions 

(i) The magnetic crochet at Singapore and the intense and prolonged ionospheric 
absorption are characteristic of an important solar flare. 

(ii) It seems possible that the small increase in B/ By at Inverness between 03 and 04 UT 
may be associated with the very large increase in cosmic-ray intensity which was reported 
to have occurred at 0345 UT. 

(iii) It is very unlikely that the high values of B at Inverness during daylight were due 
to continued emission of wave radiation from the flare for two reasons: (a) the level of 
B/B, is much higher than the simultaneous value at Singapore where the measurements 
indicate that the flare had subsided to a low level by about 09 UT, (b) the difference in the 
level of B/B, at Inverness and Slough suggests that the effect at Inverness was in some way 
due to high-speed-particle bombardment rather than to wave radiation. The ionospheric 
and magnetic disturbances which began on 25 February can probably be attributed to the 
arrival of slow-speed particles. 

(iv) The slow fall in B at Slough from 09 UT onwards may possibly have been due to the 
residual wave radiation from the flare, since the curve fits on fairly smoothly to the 
Singapore curve. If so, this would account for the slightly high values of B at 09 and 10 UT. 

This note is published with the permission of the Director of Radio Research of the 
Department of Scientific and Industrial Research. 


C 
Radio Research Station G. H. Bazzarp 
Slough, Bucks, England H.C. B 
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Indices of geomagnetic activity 


of the Observatories ABINGER (Ab), ESKDALEMUIR (Es), and LERwIcK (Le) 


June 1956 


The figures given on page 235 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21—24 hrs for the eighth figure. 
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Book review 


A. Unsotp: Physik der Sternatmosphiaren, Springer verlag Berlin. 2nd edition, 1955. p. x, 866. 
257 figs., 106 tables. 168 DM. 


READING the first edition of UNsOLD’s Physik der Sternatmosphdren soon after it appeared 
was a stimulating experience. However, in the eighteen years since then the subject has made 
big advances. To enumerate only matters of immediate interest to geophysicists, there have 
been the recognition that cosmic material is 80°4 hydrogen and most of the rest helium; the 
demonstration that the temperature of the sun’s corona is 108°K; observations of solar ultra- 
violet radiation in rocket flights; intensive studies of solar flares and their associated phenomena; 
and increasingly refined 


the discovery of cosmic-ray and radio-wave emission by the sun; 
measurements of the sun’s general magnetic field, now believed to be only one or two gauss 
strong. To include these and the many others of more purely astronomical interest, a nearly 
complete rewriting of the book has been necessary; the new edition contains 850 pages instead 


of the 500 of the first. 
The new volume is invaluable as a mine of information, and is a remarkable achievement 


by a single author; the bibliography alone occupies 50 pages. The uniformly high standard 
is what would be expected by those who know the author; one’s sole criticism is that occasion- 
ally, in the earlier chapters, he seems a little too encylopaedic. These chapters are concerned 
largely with the transfer of radiation and the formation of absorption lines; the general methods 
employed are similar to those used in studying the earth’s atmosphere, but the specific modes 
In considering the density and temperature 


of application are, of course, very different. 
because 


distributions in stellar atmospheres, UNsOLp discusses convection and turbulence; 
of the high velocities involved, the theory has important differences from that of lower 
layers of our atmosphere, but it may be more closely applicable to the upper atmosphere. 

But the most important part of the book to the geophysicist is the last third, consisting 
of a much expanded account of solar phenomena and a new section on radioastronomy and the 
connection of cosmic rays with astronomical phenomena. Here one is conscious that the author 
is letting himself go, both because of occasional asides (““Theories of prominences resemble 
ladies’ fashions; each is at first very attractive, but soon becomes passé’’) and by the introduction, 
from time to time, of his own individual ideas. This adds spice to the account; he does not 
conceal the tentative nature of his conclusions, but what he says is a spur to further thought. 
(1 should perhaps mention that the one actual mistake which I have been able to find comes 
in this part of the book—on page 598.) Perhaps the most significant sections for readers of this 
journal are the accounts of solar flares, of the hot corona (very different from anything 
that could be written eighteen years ago), of the sun’s radio and cosmic radiation, and of magneto- 
hydrodynamics (where the ideas have some relation to the theory of ionospheric motions). 
But the whole of this part of the book can be thoroughly recommended as an enlightening account 
of the origin of particles and radiations whose effects we have to investigate on the earth. 


T. G. CowLinGe 
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Effect of experimental errors on determinations of wind velocity, 
speed of sound, and atmospheric pressure, in the rocket-grenade 
experiment 


G. V. Groves 


Department of Physics, University College, London 
(Received 27 June 1956) 


Abstract—Expressions are obtained for systematic and random errors in the grenade-experiment 
determinations of wind velocity, speed of sound, and atmospheric pressure, arising from systematic 
and random errors in the various quantities measured, viz. the co-ordinates and time of explosion of 
each grenade and the co-ordinates of each microphone and the times of arrival of the sound waves. 

The theory is first developed for a general distribution of microphones on the ground and of grenade 
bursts in the air. The results obtained are applied to the special case of four microphones, comprising 
a central microphone and three symmetrically placed microphones, with grenades bursting vertically 
above the central microphone. Under certain simplifying assumptions, expressions are obtained to 
show how the errors in the final determinations are related to the measurement errors, and also their 
dependence on the distance apart of the microphones, the spacing between the grenade bursts, and the 


nature of the atmospheric structure under investigation. 
Values are calculated for the errors that would arise in wind velocity, speed of sound, and pressure 


under certain typical conditions. 
1. INTRODUCTION 
In a previous paper (GROVES, 1956), a theory has been developed by which the 
data of the rocket-grenade experiment can be analysed to yield values for the 
components of wind velocity u(z), v(z), w(z), and the speed of sound ¢(z) at heights z 
in the altitude range investigated. The observations made are taken to be the 
location and times of explosion of N grenades (z;, y;, z;,t;) # = 1,...,N, and 
the times of arrival t,,) i= 1,...,N, j=1,..., M ofthe resulting sound waves 
at M microphones on the ground at known co-ordinates (z,’, y;’, z;') 7 =1,..., M. 
The analysis is undertaken by evaluating U,;, V;, W,, C; defined as 


Of, sm [we dz y= [ve dz 


0 0 


W, 


a 


[we dz C; 


J0 


from the equations 
[U; V; W, 3(U? = V? + W? bias C?)] =e: (g; = gi + h.,)Q; 


fori =1,...,N; where 
Q; = P;'(P,P;’)- 
P;= [ Xa 
Yn 
Zi 
EP alZa--- Tin/Zin 
—3{(X i? + Yi? ye Zi)4i/T i cers (Xj <i Y iy" i Zia )4Ziu/T iat] 





, / 
Xi =2,—-—2/ Yy=y,—Yy; 45 =% 
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g., denotes second- and higher-order contributions from variations in the 
wind and sonic velocities along the various rays received and is expected to 
amount to the order 1%: h,,; is assumed to be of this order of magnitude or less, 
and arises because (i) the microphones do not lie in a horizontal plane and (ii) the 
velocity of the wavefront exceeds that of sound near the explosion point: 7,,;* 
is a time increment which also arises because the wavefront velocity exceeds that 
of sound. 

Numerical differentiation of the sets of values U,,..., Uy, ete., leads to 
the final results in the form of sets of values w,,..., uy, ete., for u(z), etc., at 


Z = 245-205 Oy 


It has also been shown in the above-mentioned paper (equations 56 and 58) 
that atmospheric pressure p(z) can be deduced at height z, from 


log [p(z,)/p(0)] = —voGorn*(1 + 6)/C,”, (7) 


where y, is the mean value of the ratio of specific heats of air in (0, z,), and go 
is the mean value of the gravitational acceleration in (0, z,). 6 is a small-order 
quantity (of the order of 1%) depending mainly on the mean square deviation of 
the speed of sound with height and does not need to be considered below. 

The effect of errors in the measurements (2,, y;, 2; ti), (@j', Yj. 2s tis’) 
oe fe eS See M on the final results is of interest not only for esti- 
mating the accuracy of these results after the experiment has been performed, 
but also in the design of the experiment. It is then necessary to decide on the 
suitability of certain measuring techniques, on the spacing of microphones on 
the ground and of grenade bursts in the air. The way in which the various sources 
of error affect the final results is investigated below, bearing these problems in 
mind. 

2. EXPRESSIONS FOR WIND AND SONIC VELOCITIEST 


When dealing with experimental data, u,,...,u, would be derived from 
anos PA Uy by numerical smoothing and differentiation. For the purpose of 
investigating the errors in these determinations, an analytical formulation of the 
smoothing and differentiation processes is required. 

u,, will be taken as the gradient at z = z, of an mth degree least-squares poly- 


7 


nomial fitted to the n, +, + 1 values U,_,,,..-, Unsn, . Let this polynomial be 
O(m; z) = po +232 +... + Pat” =[L... 27] (pe... Pal - (8) 


According to the method of least squares, the coefficients po, ..., p,, are chosen 
N+-No 

so that S (py) + pz; +... +p,2," — U,)* isa minimum. This condition gives 
i=nN—Ny 


the m + 1 linear equations 


n+ No 
>, Bie + Oh ++. FH U,)? =0 (2 =0,..., mm), 


i=n—Ny 


which can be written in matrix notation as 


AA'[po- ++ Pm) = Altn—n, «++ Unsn,]’ (9) 


+ Sections 2 to 8 are concerned with wind and speed of sound. Atmospheric pressure is dealt with 
in Section 9. 
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1 
A : eas =| 2n-n, °° °2 


m 
a, 9° 


The solution of (9) is 
= BLU, 2, ss Oningl > 


where = (AA’)-1A; 


and (8) becomes 
U(m; z) = U(m; Suns +s ates z) 
= ([L...2™]B(m; 2,9» ++ > Zan Onn, - ++ Unen,]- 
The Oz component of wind velocity can then be derived as 


U(M5 Zn +++ > Zntngs %) =U [dz = (mM; Zn - ++ > Zn4ngs MU nn, - + - Unin, 


where 
d(m; en —ny? a en+ny? z) d(z) = a 9 Dn sng 
=[01...mz™—]B(m; yom sees Zn +n, 


In particular, the value at z = z, is obtained as u,, = U(M3 2,» - ++ Zninys 2n)> 
Similar expressions hold for »v,, w,, and c,,. 


3. EXPRESSIONS FOR ERRoRS IN WIND AND Sonic VELOCITIES 
DUE TO ERRoRS IN MEASUREMENTS 

Denote by y any one of the measurements (x;, y;, 2; t;), (%;', Yj’, 2's tis’) 
a=1,...,N,j =1,..., M, and let dy denote the difference between an observed 
value of y and its true value. It is assumed that dy is independently distributed 
about a mean value wy with standard deviation oy. (In practice, wy arises from 
defects in the measuring technique which add a certain bias to the measurements, 
e.g. a time-delay or misalignment angle: oy arises from random variations in 
the measured values caused by, e.g., the finite size of recorded marks and of scale 
divisions.) This assumption would be expected to be true for dt; and dt,,’, because 
the flash times and sound arrival times are detected and recorded independently 
of each other and of the other measurements. It is not necessarily true for the 
microphone co-ordinates (x,’, y;’, z;'), which would be evaluated from theodolite 
readings in a geodetic survey; nor with the flash co-ordinates (x;, y;, z;), which 


The following results are required later: 
+ The deviations of the interpolating polynomial (13) from the values Un—n,,..., Un+n, are, by (10), 
[U(zn—n,) — Un—n,..- U(znt+n,) — Un+n,]’ = (A’B — D[Un—n,... Un+ng)’, (16) 


where I is the unit matrix of order n, + n, + 1. 
t+ From (10) and (12) it is seen that 
<..k. 


si 
Bien —n, +++ %ntngl = [0 ee eC 


Hence from (15) 


N+MN, 
d; 1...me""]Bjl ... [0 1...me* Zl 
i=n—-Ny 
N+Ny 
bY Ze 1...m2z™")Blzn—n,--- +n)’ =[0 1...mz][0 
i=n—-Ny 
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would likewise be obtained by triangulation in terms of other measurements, 
such as angles or plate co-ordinates of the photographic image of the flash. In 
the following theory, (z,’, y;’, z;/) and (x;, y;, z;) will not be expressed in terms of 
the basic independent measurements from which they are derived, as this would 
make the theory dependent on the particular measuring procedure adopted, 
besides increasing its complexity. It is thought to be more expedient to assume 
that the correlations between 6z,’, dy;’, and 6z,;’ and between 6z,, dy,, and 6z, are 
negligibly small. 

Let ,u denote the mean error and oa,,uv the standard deviation in a function wu 
of the independent measurements (2,, y;, 2;, t;), (%;', Yj, 2, ti) t=1...4N, 


j =1...M, arising from the error distribution of a sponte measurement y. 
The total systematic error in u is then 
wu = > byw = d(0u/dy)uy; (18) 
¥ ¥ 
and the resultant deviation is given by 
au = do,2u = >(du/ dy)? oy. (19) 
¥ ¥ 


When wu is the x-component of wind velocity, expressed by (14), the following 

expressions are obtained, using (6), 
fat = > wu = > g (m/e = > (du/0X;;)u 

ei (aU faX,,) deux, 

ye =X byw = > (Ou/dy,)uy;, = =F (0u/OY;;)uy: 

3 - x dU, [OY ;;) diuy; 


> (> dU ,/0Z,; — u,) d,pz,t 
j 


byt = 


MW = > pzyu = > (Ou/dz;')u2z;,) = —> S (aujaZ,) 
= 3 dU ,,/0Z,;) 
My = > My,U = > (Ou/dt;;')ut,;’ = > eto 
: : = 3 QU,|87 ) dut,'t 


= —) (0U,/07,,) diut;t 


> My = > (Ou/oy;’)uy,’ = 
Jj J 


—Y (du/0T,;) ut 
ij 
= —S (du/AX,)ur, 
tj 
= —)> (0U,/0X,;) d,pax,' 
a 
> (du/OY 5) uy,’ 
= as , [OY ;;) diay; 
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and 
a = 2 (Ou/dx,)?ox, = 2 (2. du/ OX ,;)? 07x, 


- 3 (3 0U,/0X,,)2 d20%x, 


o,2u = 5 (du/dy,)202y, = S 3 du/dY,,)? SS aU, /aY,,)°dZo2y, 


ou = S| du/dz;)*0?z, = 5 (S 0U,/0Z;,; —u,)? d tate t 
i ij 
ofu = > (du/dt,)?ot, = %. (2 du/OT ,;)?o%t; = > (> 0U,/0T ,,;)*d?Z ott 


ae, 
> (du/dx,’)? 0% -e (> 0u/OX ,;)? 07a,’ = > (> d,0U,/0X,,;)? ox,’ 
j ih 
> (du/dy;')?o*y;’ = > ( (5 du/OY,,Po?y,’ = > (3 4,0U/0Y,,o° 
j Rees ae 
(Ou/0z,’)?0%z,’ = > (> du/0Z,;)? oz,’ = > (> d,0U,/0Z,;)? 0°,’ 
2 D j 


i 





j 
oy*u = > (du/dt,,’)? ot,’ = > (du/OT;,)?o*t,,’ = > (d,0U,/0T;,)? ot ,,'t 
ij ij i,j 


Similar relations to the above hold for v, w, and c. 


4, Evatuation oF 0U,/0¢ etc. (¢ = X,,, Y;,;, Z,;, T,;): GENERAL CASE 
;) will be evaluated directly from (2), neglect- 


0U,/0¢ ete. (6 = X,;, Y;;, Z,;, T; 
It is seen that 


ing the small-order terms g,; and a, 


(0/0¢)[U;, V; W; —38?] = g(0Q,/0¢) + (0g,/04)Q 
S2=02 —(U2+ V2 + WP). 


+ From (14), 
Ou] dz; = d,dU;,] dz; + (Cd/0z,;)[Un—n, ... Un+ngl’; 


and from (15) 
dd/dz; =(0 1... mz™—] 0B/0z,. 
By straightforward differentiation of (12) 
0B] dz; = (AA’)“10A/éz; + [0(AA’)/02z,]A 
= (AA’)"10A/0z; — (AA’)“[0(AA’)/0z;)(AA’)1A 
= (AA’)- ee — (AA’)-[(dA/0z;)A’ + A(@A’/dz;)|(AA’)A 
= —[(AA’)-1(dA/dz;)(A’B — I) + B(0A’/0z,;)B) 


Hence, since (AA’)-! = BB’, 
0B/0z; = —B[B’(@A]0z;)(A’B — I) + (@A’/éz;)B) 
= —Bi0...d/(z,)...0(A’B —1) +[0...d 


by (10) and (15). (23) now becomes 
dd/dz; = —d{[0...d’(z;)...0)(A’B — I) + [0...d(z,)... 0}; 
and therefore 
(Ad /0z;)[Un—n, eee Un+ng]’ = —di{[0.. d’(z;) eee O)[U(zn—n,) — Un—n, ee 
= (0. Uys os OFF 
—{[U(z,) — U;jdd’(z,) + du;} (25) 
by (16) and (14), where w; is the value of u at z = z;; When m = n, + n, the least-squares polynomial 


fits all points exactly and U(z;) — U; is zero: when m < n, + Mg, its value will still be sufficiently large 
in aes: for U(z;) — U; to be small, e.g. of the same order of magnitude as the experimental errors 


in U,. [U(z;) — U;] can therefore be neglected in (25); and (22) becomes 
du] dz; = dX 0U,;/0Z,;; — uj). 
j 


. U(zn+n,) = Un+ng|’ 


t The variations in 7;;* in (6) are neglected in view of the smallness of these quantities. 
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By straightforward differentiation of (3), it can be shown that (cf. 24) 
0Q,/0¢d = —[(Q;P,; — 1)(0P;'/0¢)Q,' + Q,(0P;/0¢)]Q,. 
Hence (26) becomes, on using (2) 
(0/0¢)[U; V; W, —38?] 

= —{e(0P,'/04)Q,/ +[U; V; W; —38?\(0P,/0d) — 0g,/09}Q,, (28) 

where 
e; = §(Q,P; — 1). 

e, denotes the residuals in the least-squares determination of [U; V; W, —38S,7]. 
When M = 4, e, is zero; and when M > 4, e; is small, provided the experimental 
data are consistent with the theory. The term in e,; can then justifiably be 


neglected in (28). 
From (4) and (5) it is seen that 


a ees ee ae aP,/aY.,, 























0g,/ OX ;; a “10 Py» XxX i Zis|T 5 - . 0] 
ag,/aY,, = —[0... YyZesfTey--- 0] 
0g,/0Z,, = —[0...4(X,;7 + Y,2 + 3Z,,?)/T,,;... 


ag /aT., =[0... 4X? + 2 + Ze)ZqlTi? - - 
Hence (28) gives 
(0/0X,,[U;, V; W;, —38?7] = —(0...(U, + X,;2,,/T;,;) .. . 019; 
gels U,V, W, —487] = —[(0...(V, + Y,,2,,/T;,) . . . 01 Q, 


z 


(0/8Z,,)(U, V; W; 4824 
— ah > (2W,T,; + S?2T 7/Z;7 + xX; a Y,;? i 3Z,;*)/27 ;; ee 01Q; 


(0/07 ,,)[U; V; W;, —38?] 
=[0...(8?7,7/Z2,? + Xi? + Yi? + Yi? + 2,77)2,;/2T 7... 019; 


i.e., by (3) and (4), 
(0/0X,,[U;, V; W, —387] = €,[Xi; Yi; 25 TZ PiP/)* (29) 
(0/0Y,,[U;, V, W; —3827] = nilXi; Vis Zi T 552 3\(P:P;/) (30) 


242 





Effect of experimental errors in the rocket-grenade experiment 


(0/0Z,,[U; V; W;, —48?] = 0.[X.; Yi Zi T5/Z,;\(P,P/)7 
(0/07; [U; Vi W, —387)] = 7. Xi; Ya; 255 T[Zi3\(P Ps) 


f= —(U, + X,,Z,,/T;) 
ny = —(F, + Y ;4;5[T is) 
Ci = —(2W,7,, + 827 ,7/Z,7 + X7 + Y,7 + 3Z,,?)/27;, 
= (877 ',7/2,7 + X,7 + Yi? + 2,7)Z,,/27 7 
Write p,, ms — (x, B)-element of P;P;’, and let P,, denote the cofactor of p,,. 


3 


Then (P;P,’) = = ||P,,lI|P.P, ‘|, and from (29) 
OU ,/OX;, = El XyPu + YisPi2 + ZiiPis + (Tij!Zi;)Pral||PiP/ | 
Til Ziz | ||PiPi| 


(33) 





ma bi; Xi; 
Pra 
P34 


Paa 








= E,|P iP ,|/|P,P;’ ’ 


j- 


ee ” 
~0 't 0 | R 

Ya « lan 

ho 

PalZ--- Tiu/Zim_ | 

, 4, denotes the matrix obtained by replacing the kth row of 


Pi = 





. 0], then (29) can be written 
00 ;,/0X ;; —= Sis|* sik i i i (k — I, one 29 4), (34) 
where @,,,...,©,;, denote U;, V;, W,, —4S;7 respectively. (30) to (32) can 


likewise be written 
00;,/0Y ;; = nis|P isn Ps |/|PiP,’ 


80 y,/OZry = Cul PuePs'|/| PP | 
20 ,,/OT 5 = Tul PenP,'|/|P.Pi' 
fork =1,...,4. Summing over j = 1,..., M, (34) to (37) give 
S00 ,/0Xi, = |XinP/'|/|P.P/| 
S 0,4/9¥,; =|YaP,'|/|P.P,' 
S00 4/8Z,; = |ZiePi'||PP| 
> 204/97, =|TnP;'|/|P,Pi'| 
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Sek = 1 4, where X,,, Y;,, Z;,, T;, are obtained from P, by replacing the kth 


row by [€i1,--- > €:ar]s [Mas ++ +> Meads [Sirs - + +» Siar], [tan - + - » Te] Tespectively. 


5. Evatuation of 0U,/0¢6 etc. (6 = X,;, Y,;, Z,;, T,;) FOR SIMPLE 
MIcROPHONE ARRAY AND ISOTHERMAL ATMOSPHERE AT REST 
The expressions just obtained for the partial derivatives will now be evaluated 
under the following simplifying assumptions: 
A.1. The microphone array consists of four microphones—a central micro- 
phone and three microphones symmetrically placed on a circle of radius /; all 





Fig. 1. Diagram showing lay-out of microphones M,, M,, M,;, M, in relation to 
grenade bursts (assumptions A.1, A.2). 


microphones lying in a horizontal plane. The Ox-, Oy-axes are defined as shown 
in Fig. 1, and (2,’, y,’, z,;) are taken as (0, 0, 0), (4, 4/3, O)l, (4, —3-+/3, ODI, 
(—1, 0, 0) for 7 = 1 4 respectively. 

A.2. The grenade bursts lie on the vertical through the central microphone, i.e. 

a) ee ee oF 
A.3. The atmosphere is isothermal and at rest, i.e. 
u(z) = vo(z) = w(z) = 0 C(z) = Cp. 

Then from (1), 
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From A.1, A.2, and (6) it follows that 
Ag = Au = 
Y,=6¢ ) 
Se = 
and from A.3 and (2) that 
tT = t1e, 7..= Ti, = Ti = (+P 


Using (44) and (45), |P;,,//|P,| (j,4 =1,...,4) can be evaluated to give 
the matrix 
1 —cosa,;) —3¢9l/(sec «; — 1) | 


a 


5 ] 
P isx\] a |P. oa 3] 


/(1 — cos «;) €9l/(see a; — 1) 


UJ 


t 





) 
) 

1 —cosa,;) Col/(sec a; — 1) 
) 


1 —cosa;) Col/(sec a; — 1 


a 





tan «, = 1/z;. 
From (27), (43) to (45), and (47), (33) can be evaluated as 
[En --- 4] = 4eqh copafO 1 1 —2] 
[Nia - ++ Nia] = Feql cosafO V/3 1/3 0] 
[Ca -- + Sig] = —eCol(1 + cos? «,)/sin «,[2 cos «;/(1 + cos? «,;) 
iti. - Teal = Ceeemtali I 1 Ff. 
From (46) and (48), (34) can be evaluated as the (j,k)th element of 


|20,./ 0X, 
=e,cosa,, 0 0 0 0 


—V/3 —sin «,/(1 — cos «;) Col/(sec a; — 1) 
/3 —sin «,/(1 — cos «,) Col/(sec a; — 1) 


0 2 sin «,/(1 — cosa;) —2¢,//(sec «; — 1) 





Likewise (35) to (37) can be evaluated as the (j, k)th element of 
|00;,/0Y ,,]| 


= 4c, cos a,| 0 0 0 0 
—4/3 sin «,/(1 — cos «;) V/ 3€ql(/see a; — 1) 
1/3 sin «,/(1 — cos «,;) —4/3¢,1/(sec «, — 1) 
0 ad 
(53) 
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||90 ;,/0Z,,| A 
1 &o(1 + cos? «,)| . ‘ 6 sin «; —6¢9l cos a; “| 
2 sin @, (1 + cos? « ,)(1 — cos «,;) (1 + cos? «, )(sec a, a 
—1 —v/3 —sin «,/(1 — cos «,) Col/(sec a; — 1) 
—1 4/3 —sin «,/(1 — cos «,) Col/(sec «x; — 1) 
-.. 0 —sin «,/(1 — cos «,) Col/(sec a; — 1) y 
(54) 
20/97) 
=t¢e,2cota,f{ 0 0 B3tana,/(l —cosa,) —8e9l/(sec a; — 1) | 
—l —/3 —sin «,/(1 — cos «,) Col/(sec a; — 1) 
: (55) 
—1 /3  —sin «,/(1 — cos «,) Col/(see a; — 1) 
a 0  —sin «,/(1 — cos «,) Col/(sec a; — 1) | 
Summing columns in (52) to (55), it is seen that 
I|> 00 ;,/0X,,|| =[—cycosa, 0 0 0) (56) 
J 
>, 00,,/0Y;,]| =[0 —cycosa;, 0 0] (57) 
2 00,,/0Z;,|| =[0 0 —e,(1 + cosa,;) —e,*l cot «(1 — cos «,)] (58) 
I> 00, =[0 0 ¢,? Oj. (59) 
From (27), (43), (47) 
S,=-C,=—0¢f ot«,; 
and hence from (58) with k = 4 
>, 9C;,/0Z;; = co(1 — cos a). (60) 


6. EVALUATION OF ERRORS IN WIND- AND SONIC-VELOCITY DETERMINATIONS 
In order to evaluate (20), (21), and the corresponding relations in v, w, and c, 


it is assumed that 
A.4. The length of the interval (z,_,,, Z,4,,) is small compared with z,,. 


Then «, can be approximated by «, for n —n, <i <n-+ ny; and all partial 
derivatives (equations 52 to 55) are independent of suffix 7. 
From (20) and (21) it now follows (on taking z = z,) that 


tt, = —2 (0U,,/0X,,;) ux; ane = 0 
O,U =[5( (0U,,/0X,,;)? 02x; a >a =0 
by (17). Likewise 
My Dn = byIn = BO, = 679, = oy0, = 08, = 0 (0 = u, v, W, Cc). (61) 
This means that the effect of errors in the co-ordinates of the microphones on the 


wind- and sonic-velocity determinations is removed, at least to the first order, 
by the differentiation involved in the analysis. 
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It is assumed that 


A.5.1. errors in ¢,,’ are independent of i, so that pt,,’ = ut;’, ot,;) = ot,’. 
Then, by (17) and A.4, (20) gives 
M9, = 9 (0 = u, v, w, c), (62) 
and (21) gives 


a2, = 5 (dU, [07,20 Sd 2(z,), ete. 
j i 


It is further assumed that 
A.5.2. errors in t,,’ are independent of i, 7, so that ut,’ = ut, ot; = ot’. 
(63) can be evaluated by (55) as 
= OyYn, ‘aa ($)*c,? cot Ln ot'[ > d?(z,)]* 


a 


= eq2{(1 + } cos? a,)/(1 — cos ,)]ot'[S d2(z,)}! 
= (8)!ey%[eos a,/(1 — cos «,)]ot'[S d2(z,)}. 


By (42), (56) to (60) it is found from (20), (21) that errors in the time and 
location of grenade bursts (2,, y;, z;, t,), i=" —m,...,% +My give rise to 
errors in the wind- and sonic velocity determinations at z = z,, as follows: 


MyUn = —Co cos Xn = (2) Mar ; — UW, 7 Hln on 0 i 
a 


HyY, = —Co COS &, 7 d (2p) UY; 


v 


= —€)(1 + cos a,) > d,(z,) uz; 





rie —C," g d,(2,,) ut, 


= Cy cos «,[ > d,2(z,) 07x, ]* 


a 


aa Co cos al >. d;*(z,,) o7y;]? = OW, a 


4 
= €,(1 + cos en )L Dd d,?(z,) o7z,]* = Co COS Onl >. d?(z,) 072,]* 
7 a 
0,4, = 0, = 0 


7 Col > d,?(z,) ot, ]* OU, = OW, = of, = 9 i” 
a 





These equations show that errors in the x and y co-ordinates of the grenade bursts 
affect only the determinations of the corresponding components of wind velocity: 
errors in the z co-ordinate affect the vertical wind- and sonic-velocity determina- 
tions: errors in the burst times rather surprisingly affect only the vertical-wind 
and not the sonic-velocity determinations, as a result, apparently, of the sym- 
metry of the microphone array. 
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To evaluate (67), (68) it is assumed that 
A.6. errors in (2,, y;, 2;) are either (i) independent of 7, so that ux; = ua, 


ete., ox; = ox, etc., or (ii) proportional to z;, so that wx; = [2,/3(Zn4n, + 2n—n,)]M%, 
etc., 0%; = [2/3 (nn, + 2n—n,)]o%, etc., and 
A.7. errors in ft; are independent of 1, 


Then, by (17), 


so that wut, = ut, 


gt, = 9 _ i nl HLF (Zn +ng a ee | 
Hye, = 0 <= ee eee tL MY/F(2n+nq + Zan) I 
under A.6(i) under A.6(ii) 


= —C,(1 + COS On) M2/3(Zn+-ng - 2, —2,)) 


= —Cg COS tn M2/F(Zn4n, + %y—n,)I 





LW, a 0 


= ¢, cos «,, o2[ > d,?(z,,)]* under A.6(i) 
= Cy COS &,, [ox] 4(2 ates To Meee ME d*(z 
= Cy COS a, oul 2 d,?(z,)]* under i 6(i) 
Zain, + 2n—n,) > 47(2,)2,2]* under A.6(ii) 


i 


22]? under A.6(ii) 


= Cy COS a, oy/4(2 
= c,(1 + cos «,,) oz [> d,?(z,,)]* under A.6(i) 


= c,(1 + cosa, \Loz/4( Ridtag tte nL d,?(z,,)z,2]' under A.6(ii) 
= Ce 008 «,, oz > d,?(z,)}* under A.6(i) 

= Cy COS & [oxli(e Si Rds MS d*(z,)z;?]? under A.6(ii) 
1, = Cyot[ > d,2(z,)]*. 


i 





Comparing (69) and (70), systematic and random errors are seen to have the 


same magnitude (under A.6.ii) when 
(71) 


|ux|/ox = |uy|/oy = |u2l/oz = [> 4P(z,)z7}. 


Equations (64) to (66) can be written 


en— Ny 2 den )}' (Coat’ [h), (72) 


FyUn[Cg _ FyMn[Cg _ FeWr [Co _ 


Gil%n)  o(%m)  Ya(%n) arr <i 


1 
(n+ +N, 
where 


1 + 4 cos? «,)/#(1 — cos «,,) 
+)! cos «,/(1 — cos «,) 
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M(%,),--+5Q4(%,) are plotted in Fig. 2 against tan «,, (=1/z,). These curves show 
the relative effect of J on the errors ot, Vn, FpWy: OpCy. For small 1, o,u,, 0,0, 
vary like /-1, while o,w,, OC, Vary like /-?: for large /, all errors decrease to zero 
except o,w,. When //z, is greater than 2 or 3, rays to microphones M,, Ms, 
and M, (Fig. 1) would be expected to be considerably refracted, and total reflection 
of the wavefront may possibly occur, preventing reception at these microphones: 
in these extreme cases, the terms g,; in (2) become appreciable, and the above 
results no longer hold. Fig. 2 shows that q,(«,,) is greater than q,(«,,) (or qo(«,)); 


12 - = 
~V $2)" ~(/ 82%)? 











\ 





\ 





i. 93 (~,) 


(a,,) , oy (,,) 
| 














G(%,), Fle) 


— 4 
D, (ct,), Pp (x,) 


| 
fe) : 0-4 0:6 0:8 1:0 12 1:4 
tan an( = V/2n) 
Fig. 2. Functions 9;(&,), Y2(&n)> 73(%n)> Ya(%n) Show the relative variation of errors in wind 
and sonic velocities at height z, due to errors in arrival times with tan «, (=1/2n) ; and 
functions P;(%_), P2o(%n)> Ps(%n), "Palon) show the relative variation of errors in pressure 
at height z, due to errors in co-ordinates of ica and arrival times with tan «, 


(=Uen)- 
and hence the errors in vertical wind velocity are greater than those in horizontal 
wind velocity: q3(«,)/q,(a,) can be shown to have a minimum value of 4:3 at 
U/z, = 1-4. 
From (70) and (73) 


Un[Cg Fyn [Co W,,[Co Cn/Co 






































(ox/h) cosa,  (ay/h) cosa, — cae val + cos «,) — ‘ait ) cos «,, 

= d(Zn4n, — 2n—n, LD 47(z,))* under A.6(i) 

= [(Zn4+n, — %n—n,)/(Zn+n, + %n—n, UD 4,2(z,)2,7]* under A.6(ii) 
(o,w,,/C9) /( Cath) =a 3(z, n+ + Ng sae ae 3 d(z,)}*. 


It is of interest to consider the values of ox, oy, oz, ot for which the resulting errors 
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are the same as those arising from ot’, i.e. for which o,u, = o,U,, OV, = Fy, ete. 
From (72), (74), (75), and (77) it is seen that, under A.6(i), this happens when 


ox/cyot’ = oy/cyot’ = (%)* cosec «,, 
oz/cyot’ = (1 + 4cos* «,)! cosec? «,, 
or (4)(1 + cos «,) cosec? «,, 
ot/ot’ = (1 + 4ceos? «,)*(1 + cos «,,) cosec? u,,. 


The two values for oz equalize the errors in w,, and c,, respectively. 


7. EvaLUATION OF > d;*(z,)z,?, > d,7(z,) 


v a 
It is convenient to replace z by the dimensionless parameter s defined as 


aE (1, - N»)[2 a 2(Zn4-ng “+ Si vcd ate as 2n—n,)° (82) 
s is zero at the centre point of the interval (2, n> 2n4+n,) and has the values 
—3(m, +), +3(n, + Ny) at the end points. Let s; be the value of s at z = z,, 
then it can be shown that (15) becomest 

dnsn,) = (my + n)h- [0 1... ms™-"]B(m; 8 
(82) can be written, by (73), as 
2lh = 8/3(my + M2) + 1/f, 
where 
a (Zn ee Zn—ny)/(Zn4ng - Zn —n,)- 
Hence 
> d?(z,)2;" ge [h/3(n, + Ny)C} f 


t 


by (83), where 
Sols) = fo(m; 8, _», nts vee me" RRO 1 


fils) = fi(m; Sn—n, 


= i(n, + n,)[0 ... meer 1... eT 


fol(s) = fo(m; Sn—n, ’ +1 9? s) 
= [d(n, +n,)/[0 1 ... ms™—"]BBO 1 ... ma)’ 


= [3(n, +2,)[0 1 ... mse™-](AA’)-4O 1 ... mam] (88) 


by (12), and B* is obtained by multiplying the columns of B by Syn > ++ > Onin 
respectively. From (83) and (88), it is then seen that 
= d?(Zn) —? h~*f.(m; Sn—ny gles Sning? Sy). (89) 


+ Write 
Pl 8. 3 ee) Se eee 


where T is an (m + 1) x (m + 1) matrix whose elements may readily be written out if desired. Then 


by (10) 
A(m; 8n—n,,-- +» 8n+ng) = T’A(m; zn—n,-.-, 2m+N,)3 


and from (12) 
B(m; 8n—ny» +++ 5 8n+ng) = TB(m; zn—ny .- +» 2n+nq): 


Hence 
[1 s ... s™|B(m; sn—n,,..-,8n+n,) =[]1 2... 2™]B(m; ZN —Mys ++ +s +My), 


and (83) follows. 
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It is assumed that 
A.8. the grenades burst at equally-spaced points. 
Then 
,=t—F(n —n,) + (n+ n,)] (é=s —%,,..., 
and 
A= A(m, N,) = 


[—3(N5 —1)]”" 


where 
No=m+n7,+ 1. 


The evaluation of B(m, Ny) has been undertaken by KERAWALA (1941)+ to provide 
a rapid method of fitting least-squares polynomials to observations at equally- 
spaced points. The tables, which he provides, give the elements of B(m, No) 
for m < 5, Ny < 30, although the notation used is somewhat different from that 
here. The elements A,; (i,j =1,...,m +1) of (AA’) can be obtained for 
m <5 from the relations on pp. 274-5 of KERAwALA’s paper. Only the element 
A,, is needed below, and this is seen to be 


Ag, = 12/N,(N,? — 1) (m = 1, 2) 
= 25(3N,¢ — 18N,? + 31)/N (No? — 1)(No? — 4)(Nq? — 9) 
(m = 3, 4) 
147(25N,§ — 900N,° + 10230N,* — 37060N 2 + 46137)/16N, 
x (N,? — 1)(N,2 — 4)(No? — 9)(N_? — 16)(NQ?2 — 25) 


(m = 5, 6) 





Of particular practical interest is centre-point smoothing and differentiation; 
and this can be carried out for all points z = z,, except for those near the ends of 
the interval (z,, zy). It is therefore assumed that 


A.9. Ny = No. 
Then s,, = 0, and Wi ) to (88) g 
fo(s ae = fa(m m, No) = 2*(m ? N 0)55* (m ’ No) (91) 
filsn) =film, No) = (No — 1)b,(m, No) b,*’(m, No) = 0 (92) 
)= 


fol8n) = fom, No) = (2(No — 1)PAaa(m, No), (93) 


where NV, is now an odd integer, and b,, b,* denote the second row vectors of 
B, B* respectively. f,(m, No) is zero because b,*(m, Ny) is symmetrical about 
its centre element, while b,(m, N,) is symmetrical with a change in sign. Values 





+ The following misprints should be noted: 
. 255—table n = 7, bottom row: for —3 read 3. 
. 255—table n = 7: for yg + yz read Y_, — Yo. 
. 260—table n = 17: for 8 blank 5 read 825. 
P. 275—equation for a,,: insert factor n*? — 9 in denominator of third term. 
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of f.'(m, Ny) calculated from (90) and (93) are given in Table 1. f,?(m, Ny) decreases 
only slowly with NV, and for large NV, varies asymptotically as N,~? 


Table 1. Values of f,#(m, No) 








<4 3 5 7 > 1 a a 
m | 
: 0-71 0-63 0-57 0-52 0-48 ~(3/No)* 
3, 4 — 1-90 1-54 35 1-23 ~$(3/No 
5, 6 — — 3-25 2-59 2-27 ~35(3/N 4)? 
Since f,?(m, Ny) enters the expressions for > d;2(z ear z,) (equations 


85 and 88), the values in Table 1 show that a aie increase in the number of 
grenade bursts JV, in a given interval (z, — h, z, + h) would be required to produce 
an appreciable reduction in the random experimental errors (equations 72 and 
75 to 77). In practice, this gain in accuracy is unlikely to be considered worth 
the increase in the payload weight that would be entailed. It is therefore assumed 


that 
A.10. the number of grenades in (z,, — h, z, + h) is 
No=m +1. 


No grenade then contributes to the smoothing of experimental errors in the 
determinations at z = z,. The choice of m depends on the nature of the speed 
of sound and wind-velocity structures under investigation; and hence so does 
No. fo(m,m + 1) has been evaluated from (91), using KERAWALA’s values for 
B(m, m + 1) and used to calculate the function 


f(m, 0) =[fo(m, m + 1)C2 + f,(m, m + 1), (94) 


shown in Table 2 for m = 2, 4, 6. 


Table 2. Values of f(m, 2) 





C 
go a 0 0-25 0-5 0-75 1-0 
m Tia 
Pekar | ih eeeaa aX, i uN ERE BAe 
z 0-71 0:73 0:79 0:88 1-00 
4 1-90 2 1:96 2-03 2-13 
6 3-25 3°26 3°30 3°36 3°44 





From (73), (84), A.8, and A.9 
C= Az, 


and hence ¢ always lies between 0 and 1. In most cases of interest h<z, 
(assumption A.4), and f(m, f) can be approximated by f(m, 0). 
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The evaluation of > d;*(z,)z;2 and > d;?(z,) may now be expressed as follows. 
Equations (85) and (91) to (94) show that, under A.8, A.9, and A.10, 
[2 aXz eP}' = LQ GMI; emmy + + +9 Saemgs 2nleP] = film, 0/6, (95) 


where f = (Zn 4.n, — 2n—n,)/(Zn+n, + Zn—n,) and values of f(m, ¢) appear in Table 2 


Equations (89) and (93) show that, under A.8 and A.9, 
[2 aX Mz,)y = ia Zn +++ > Znsngs 2nd]? =fot(m, No)/h, (96a) 


where Ny = my + m + 1, h = F(Zn4n, — Zn—n,) and values of f,'(m, No) appear 
in Table 1. Under the futher assumption A. 10, (96a) becomes by (94) 


[2 d?(z,)' = (2. E2(M5 Zp _n.r +++ > Zntnq3 endl =S(m, 0){h. (96b) 


8. CALCULATION OF ERRORS IN WIND VELOCITY AND SPEED 
oF SouND FoR TypicaL Data 
It is assumed that 
A.ll. ox, oy, oz, ot are such that the resulting wind- and sonic-velocity errors 
are equal to those arising from ot’, i.e. o,U,, = O/U,, OU, = O/V,, OW, (or ¢,) = 
O,W,, (OF C,), GW, = GyW,.- 
Then, by (19), (61), and (68), the resultant errors in w,, 


OU, = V2o,U, ov, = 20,0, ow, = V30,W, oC, = /20;C,. 


Table 3. Errors in wind velocity and speed of sound when each source of error 
contributes equally 
Values of oz under (a) equalize errors in w, and under (b) in ¢,. 





Spacing 
of 
bursts 


(km) 


On, OY |. | got OU,, OVy, Ow, Oy 


(m/sec) | (m/sec) (m/sec) 





The required values for ox, oy, oz, cyot can be calculated from (78) to (81), when 
A.6(i) holds, and are shown in Table 3, taking cyot’ to be 1 m (corresponding 
approximately to cy = 320 m/sec, ot’ = 3 msec). If ox, oy, oz, cyot were much 
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smaller than these values, the errors arising from ot’ would predominate, while 
if they were much larger, ot’ could be considered unnecessarily small. When 
the alternative assumption A.6(ii) holds, the values of ox, cy, oz need to be multi- 
plied by the factor f(m, 0)/f(m, f) (¢€ = h/z,) to give the required values for the 
grenade at z,. Table 2 shows that f(m, 0)/f(m, ¢) is approximately unity, particu- 
larly for small values of ¢, and so the accuracy requirements are approximately 
the same as those shown in Table 3. 
Under A.8, A.9, A.10, equation (72) becomes, by (73) and (96b), 
FrUn|Co ae OPnlCo sins FWn|[Co ae Fen/Co = f(m, 0)(cyot’ /h). (98) 
Q1(%) J2(%n) 3(%,y) J4(%p) 
h will now be given the value 6 km in conjunction with m = 2, 4, 6: the number 
of grenades in (z, — 6, z, + 6) km is then NV, = 3, 5, 7, and the corresponding 
spacing is 6, 3,2 km. From (97) and (98), ow,, ov,, ow,, oc, can then be calculated, 
using Fig. 2 and Table 2 to obtain the values au n in Table 3. 
The only systematic errors in w,,, v,, W,, ¢, arise from ux, wy, wz under assumption 
A.6(ii). From (71), these systematic errors have the same magnitude as those 
arising from the random errors ox, cy, oz when, by (85), sy and (95), 


|ua\/ox = |uy|/oy = |uz|/oz = (z,/h)f(m, f) = (z,/h)f(m, 0). 





9. ERRORS IN ATMOSPHERIC PRESSURE DETERMINATION 


Errors in the pressure determination at height z, arising from systematic 
and random errors in (2, Y,; 2; t,,) are seen from (6), (7) to be 


Mz, P(Zn) = 2p(2,) log [p( oe 0C,/0X,,,)ux,|C, 
My, P(2n) = 2p(z,) log [p(0)/p(z,) (X 0C,/OY ,;)HYn/Cn 





He, P(2,) = —p(%_) log [p(0)/p(z 8 (3C,|z, —2 ¥ 0C,/0Zy,)p2,1C, ae 
My, P(Z,) = —2p(Z, ) log [p(0 )|p(z Zn) S a0,/27,,) ut,|[C., 
9, P(2n) —z 2p(Z,,) ) log [p( 0)/P(zn) > ee a 
6, P(z,) = 2p(2,) log [p(0)/p(2,) (> OC,,/O¥ n;) oYn/Cn 
(100) 


J 
O, P(Z,) ia plz ) log [ p( (0) )/p (z mies es —2 2 OC, /0Z,,;) 02,/C, 
0; P(2,,) a 2p(z ) log [p( (0) )/plzn)I( C,/aT,,,) at, |C,, 


Rien te. ole Lad . ™ : is a age ’ 
Errors in p(z,) arising from systematic and random errors in (x,’, y;’, 2;’, t,;’) 
| at eee M are 





My P(2n) = > Mey P(%n) = —2p!2,) log [p(0)/plz,)] S (OC,,/0X,,;) ma,’ /C,, 

My P(Z_) = -¥ Uy P(Z,) = —2p(z,) log [p(0)/p(z,)] > 5 C,/0Y,,) My, [C 

fe P(2,) = & tle; Pl2n) = —2p(2q) log moire 3 aC,,/8Z,)124'[C, ia 
be Plea) = S My PC2n) = 2P(2) ow [POY] & (20, [27 ,,)ut,s|C, 
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~ Sp (z,) log? [p(0)/p(z,)] ¥ (8C,/9X,,,)20%x,' [0,27 
p*(2,) log? [p(0)/p(2,)] & (8C,/AY,,)20%y,’/C,2 
p*(2,) log? [p(0)/p(z_)] © (8C,/9Z,3)20%2,'C,2 
p*(z,) log? [p(0)/p(2,)] > (80, AT,,,)*o%t,,'/C,2 


Under A.1, A.2, A.3, equations (99), (100) become, in view of (43), (56) to (59), 
103 
104 





Me,P(2n) = My,P(2n) = Me, P(2Zn) = Fz, P(Zn) = Fy, P(Zn) = 0, p(Z,) = 0 


) 
P(Zn)/P(Z,) = —(1 + 2 cos «,)uz,/H ) 
) 
) 


( 
( 
( 


where H = z,/log [p(0)/p(z,)] 106 


H is the scale height of the atmosphere (now constant under A.3). Equations 
(101), (102) are dealt with on the assumption that 

A.12. the errors in the co-ordinates of a microphone are zero for a microphone 
at the origin O and increase as the microphone’s distance from O increases. 

Then, under A.1, 


(0, J 
= (ua » wa’ (1 bog 
ay’, 0z,') = (0, 0, 7 j 
— (ox'(l), o 434, h4. 
Under A.1, A.2, A.3, and A.5.2, equations oo. (102) become 
My P(Zn) = MyP(Zn) = Hy P(2n) = 0 
Mz P(2n)[P(Z,) = —2[(1 + cos? a,)/(1 — cos «,)]uz'(l)/H 
2n)[P(2n OyP(2n)[P(Zn) Fy P(2n)/(P(En) 5 P(En)/(P(Zn) 


(ux,’, wYy;’, U2;') = 


(ox;', 


Pr mart aia ~ Pal, oy ()/H]— pa(a,)Lo2(V/H]— pal,)oz"()/H] 
where D1(%,) = po(a,) = (4)! sin «,/(sec «, — 1) 

(+) (1 + cos? «,,)/(1 — cos «,,) 

(4)? cos «,/(1 — cos «,) = q4(,) 
Py(%,),-+ +> P4l%,) are plotted against tan «,, (=//z,) in Fig. 2 


It is now assumed that 
A.13. o2,, o2’(l), cy'(l), o2’(l) are such that the resulting errors in pressure 
are equal to that arising from ot’. Then from (105), (108) 


02,/Cgat’ = (48)? cos «,/(1 + 2 cos «,)(1 — cos «,) 
ox’ (l)/e,ot’ = oy’ (l)/eyot’ = 2° cosec a, 


oz’ (l)/cyot’ = 2 cos «,,/(1 + cos? «,) 
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The required values for oz,,, o2’(l), cy'(l), oz'(l) are shown in Table 4 for cy ot’ = 1m. 
(The ratio oz'(l)/ox'(l) reaches a maximum value of } when tan a, = 4/2). The 
resultant error in pressure is now 

Op(zn) = V5oyp(2,); 
and, taking H = 7 km, op(z,,)/p(z,) can be calculated by (108) to give the values 
in Table 4. 


Table 4. Error in pressure when each source of error contributes equally 





tan a, er O2y, ox’ (Ll), ay’(l) o2z'(L) 


( =Z/z,) (m) (m) 


0-2 39-4 
0-4 10-5 
0-6 4-9 





From (104), (105), systematic and random errors in z,, produce errors of equal 
magnitude in p(z,) when |yz,| = oz,. From (107), (108), systematic and random 
errors in 2'(/) produce errors of equal mag nitude in p(z,,) when |y2’| = »/}02’. 


10. Discussion oF METHOD AND RESULTS 


This paper has attempted to investigate the effect of experimental errors 
in an experiment, for the interpretation of which a substantial amount of data 
reduction is necessary. (The analysis is outlined in Section 1.) It is therefore 
not surprising to find, in view of the many differential variations which need to 
be considered, that the error theory quickly reaches a high degree of complexity. 
Indeed, it may be considered remarkable that it should have been pos:ible at all 
to formulate it with the same generality as the analysis itself. This formulation 
appears in Sections 3 and 4 for wind and speed of sound and in Section 9 for 
pressure. 

Having obtained a general formulation of the error theory, the procedure 
has been to introduce simplifying assumptions in order to obtain relationships 
which are sufficiently simple for numerical evaluation, yet are still representative 
of a realistic experimental situation. Comments are made below on the assump- 
tions that have been introduced. 

A.1.—An array of four microphones has been chosen because this number is 
just sufficient to determine the three wind-velocity components and the speed 
of sound. The microphone distribution—three at the corners of an equilateral 
triangle and one at the centre—has been chosen because it is symmetrical, and 
therefore simplifies the treatment. A square array is not satisfactory, because the 
vertical wind velocity would be indeterminate when the bursts lie above the centre 
point. With four microphones, the effect of experimental errors on the final 
results is greatest: with more than four, the method of least squares can be used 
to reduce the effect of errors. 

A.2.—The line of grenade bursts will be close to the path of the rocket in 
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practice and so its departure from the vertical will be small (usually less than 10°). 
Taking the bursts to lie above the central microphone approximates to a possible 
practical situation, and symmetry is preserved in the theory. 

A.3.—For an isothermal atmosphere at rest, the propagation from a burst is 
spherically symmetrical, and the various partial derivatives are greatly simplified. 
Wind and variations in the speed of sound are small compared with the speed of 
sound and would not be expected to cause large changes in the values of the 
partial derivatives. 

A.4.—As a result of the differentiation process involved in the determination 
of the wind and speed of sound, the value obtained for any one of these quantities 
at the height of a certain burst depends on observations on neighbouring bursts 
as well, principally on the two adjacent bursts and to a lesser extent on the next 
nearest two bursts and so on. A.4 requires the height interval over which the 
selection of observed bursts extends to be small compared with the height of the 
chosen burst. In a typical situation, five bursts may extend over 15 km, which 
is small compared with the height of their centre one at, say, 60 km. 

A.5 to A.7 and A.12 refer to properties of the experimental errors. 

A.5.1 and A.5.2.—These assumptions imply that the delay between the arrival 
of a sound wave at a microphone and its being recorded is the same for all micro- 
phones, and also that all time measurements are made with respect to absolute 
time. If arrivals at each microphone are recorded on slightly different uniform 
time-scales, systematic errors in the final determinations will arise from the gain 
rates of the clocks providing the various time-scales.t Furthermore, if no allowance 


t If p; is the gain rate of the jth microphone recorder and py, is the gain rate of the flash-detector 
recorder, 
Mts! = pitis’ = prlt; + 2i/e0) (J 
= p,(t; + sec «,2;/Co) Gj 
Mt; = polis 
and from (20) 
4 4 
MyUn + Mitln = Ldj{(z/¢o)[(0U;/OT;,)p, + sec a; 2% (UOT :))p3] ne 2 (8Us/ OT Np; — Po)}- 
t j= j= 


Under A.1 to A.4, and assuming the velocity of the rocket to be constant in the height interval 
(2n—n,, 2n+n,.)and equal to #,, this becomes by (17) and (55) 
(MyUn a. MUy)|Co = }$ cosec On{(— ps == fer 2p4) + COs Onl — (ps a Po) = (ps3 Ta Po) Bs 2(p4 = Po) I¢o/Pn}- 
Similarly it can be shown that 
(Hy/Un + Hn) [Co = V/¥ cosec &n{(—pz + ps) + COS Onl —(p2 — po) + (ps — po) l¢o/Pn} 
(4Wy + Mn) /Co= F(1 — Cos &,)~*{(3p1 — p2 — ps — pa) + COS H,[3 SEC &n(py — po) — (p2 — Po) 
— (ps — po) — (pa — Po) |eo/Fn} 
(MyCn + Miln)/Co= $(1 — cos a,)-1{(3 COS &,p1 — po — ps — Pa) 
+ cos nl 3( py ae Po) (pe Po) nie (ps 22g Po) = (p4 = Po) leo/Fn}- 
and from (99) and (101) that 


[My P(Zn) + Mtn P(2n)1/P (Zn) = 3(1 — cosa,)~1{(3 cos Onp1 — P2 — P3 — Ps)@n/H 
+ cos %,[3(p1 — po) — (pz — po) — (ps — po) — (ps — Po) leon/H}- 


If all microphones feed into the same recorder with a gain rate p, then p; = pz = p3 = p4 = p and 
(UyfUn+ MUn)eg = (Mya + Hien)Oo = 0 
(MYyWn + LWn)|Co = (p Sai Po)©olPn 
(Lyn 52 Hiln) [Co oe 
[My P(2n) + MtpP(2n)|/P(2n) = —2p(2n/H). 

If the flash signals feed into the microphone recorder, py = p and no error is introduced into the vertical 
wind velocity (to the accuracy of these calculations). Pressure determination may be most seriously 
affected by a gain rate, because the error increases proportionally with the height of the burst. 
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is made in the analysis for the velocity of propagation in the vicinity of the bursts 
being in excess of that of the speed of sound, systematic errors are introduced 
equal to 7;;* (defined in equation 6). The time increments 7,,* depend on the 
weight of explosive in the grenade and increase with the height of the burst. 
The equation for u,w in (20) may provide a useful starting-point for investigating 
the effect of these terms, an effect which must become significant at sufficiently 
great heights. 

Random errors in the arrival times are expected to arise from the limiting 
accuracy with which recorded marks can be located on the moving-paper record 
and the corresponding time values read off. If all microphones are feeding into 
recorders with similar characteristics, errors will be the same. They would be 
expected to increase with the height of the burst on account of the smaller ampli- 
tude and preponderance of lower frequencies in waves from higher bursts. A 
higher paper speed should lead to a reduction in these errors. 

A.6(i) and (ii)—These two alternative assumptions regarding the errors in 
the co-ordinates of the grenade bursts approximate to two possible experimental 
situations. If the trajectory of the rocket is very accurately known as a function 
of time, and the bursts are located on the basis of this information, errors enter 
from the randomness in the direction of ejection of the grenade, and these would 
be independent of the height of the rocket. If, on the other hand, the burst 
positions are determined individually by triangulation from the ground, the errors 
would be expected to show some increase with height. Only a small factor of 
difference in the final random errors has been found to arise between these alterna- 
tive assumptions. 

A.7.—With a single flash-detecting and recording system, random and system- 
atic errors in the burst times will be the same for all bursts, provided time is 
measured on an absolute scale.t Changes in the light travel-times from the bursts 
to the detector cause systematic errors unless allowed for. The travel-time of 
light from 100 km is } msec, and may possibly be neglected. 

A.12.—Microphone co-ordinates are obtained by geodetic survey, which needs 
to be carried out once and for all time. The defining of systematic and random 
errors in the co-ordinates implies that a large number of hypothetical surveys, 
carried out to some prescribed procedure, has been considered. Systematic errors 
would arise from the use of a faulty instrument throughout these hypothetical 
surveys, while random errors would arise from differences in cross-wire settings, 
scale readings, etc. 

Before going on to consider A.8 to A.11 and A.13, it is possible under the 
above assumptions, to draw some definite conclusions about the final errors and 
their dependence on the spacing of the microphones. Not all errors are found 
to affect each determination. With regard to random errors, it has been found 
(equations 72, 75 to 77, 105, and 108) that 

(i) errors in the horizontal wind-velocity components are produced by errors 
in the corresponding horizontal co-ordinate of the bursts [cos «, ~ 1] and in the 
sound arrival-times [q,(«,,) ~ (4/32, 0“). 

(ii) errors in the vertical wind velocity are produced by errors in the height 


+t See preceding footnote. 
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co-ordinates of the bursts [(1 . COS %,) ~ 21, in the burst times [constant], and 
in the sound arrival-times [¢3(«,,) ~ (4/482,2)l-?]. 

(iii) errors in the speed of . are produced by errors in the ar co-ordinates 
of the bursts [cos «, ~ 1], and in the sound arrival-times [¢,4(«,,) ~ (4/48z,2)l-?]. 
The effect of errors in burst-times cancels to the first order between rays trav pe 
to the central microphone and those travelling to the three other microphones. 

(iv) errors in the sb are produced by errors in the height co-ordinates 
of vi meg a Lt + 2 cos «,) ~ 3], in the height co-ordinates of the microphones 
[p5(a,, mm (4/482,,2)- (/)], in the horizontal co-ordinates of the microphones 
[p1(a <i ~ (4/82,) I- tt (/)], and in the sound arrival-times[p4(«,,) ~ (4/ 482,,2)l-?]. 

The oc of the distance / of the outer microphones from the central micro- 
phone on the final errors is shown by the functions in square brackets, which are 
given with their asymptotic forms for small /. z, is the height of the burst con- 
sidered. The p and q functions are plotted in Fig. 2, from which the asymptotic 
forms are seen still to give close approximations for / as large as z,,. 

From (i) to (iii), the effect of errors in the sound arrival-times on the horizontal 
wind components ~/~!, and in the vertical wind component and the speed of 
sound ~/-*. Hence, as the microphone spacing is decreased, the vertical wind 
and speed of sound become increasingly less accurate than the horizontal wind 
components. The reason for this is that, with closely spaced microphones, the 
presence of vertical air motion becomes almost indistinguishable from a change 
in the speed of sound, so that errors in the arrival times propagate large errors 
into both of these quantities. 

From (iv), errors in pressure produced by errors in the sound arrival-times 
~l-*, and this is not surprising, because pressure is calculated from the speed of 
sound. The effect of errors in the microphone heights is similar to that of errors 
in the arrival times and shows the same /-*-variation. 

A.8 to A.10 are introduced in order to evaluate S d;?(z,,)z,7, > d;?(z,). These 
summations run from 7 equals (n — n,) to (n + ,), and arise from the least- 
squares interpolating polynomial which is fitted to the observations of all bursts 
between the (n — m,)th and the (mn + n,)th, in order to determine the wind 
velocity and speed of sound at the height of the nth. 

A.8.—In practice it would probably be most convenient to eject the grenades 
from the rocket at equal intervals of time. The spacing of the bursts would then 
decrease with height, although the change over a small number of consecutive 
bursts would be small. By taking the spacing to be constant, it has been possible 
to utilize the work of KERAwALA on the fitting of least-square polynomials to 
observations at equally-spaced points, and so obtain, almost immediately, the 
numerical evaluation of > d,?(z,,)z,2 and > d,;(z,,). 


A.9.—Centre-point smoothing and differentiation has been dealt with, as this 
can be applied to all but the highest and lowest two or three bursts. For these 
end bursts, the errors will be distinctly greater. For example, if a polynomial 
of degree m = 4 is fitted to N, = 5 points, then instead of the factor f,'(m, No) 
being 1-90, as it is for the centre point (Table 1), the corresponding factor is 11-17 
for the end points and 3-61 for the two inner points. 
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A.10.—The assumption that no grenades contribute to the smoothing of random 
errors has been justified above by the values in Table 1, which show that a large 
increase in the number of grenades would be required to achieve any significant 
reduction in errors. In practice, then, the spacing of the bursts should, for 
economic reasons, depend on the nature of the wind and speed-of-sound structures. 
These will not generally be known with any great certainty before an experiment 
is performed (particularly the wind structure), and must be anticipated in the 
light of previous data. The method of specifying, say, the speed of sound structure 
in a certain height interval is by a polynomial of degree m, where m is chosen 
just large enough for the fit to be within the experimental accuracy. This criterion 
should determine m within narrow limits, because an increase in m improves the 
fit, but increases the experimental errors. For example, if the number of bursts 
in a certain height interval is increased from 3 to 7, corresponding to an increase 
in m from 2 to 6, the experimental errors increase by 3-25 : 0-71, i.e., by 4-6 (see 
values of f(m, 0) in Table 2). 

A.11 and A.13 are introduced in order to obtain a convenient presentation of 
numerical results. That each independent error hould contribute equally to the 
errors in the final results is nevertheless of practical consequence, as no measure- 
ment can then be considered either over accurate or under-accurate. The numerical 
results in Tables 3 and 4 are based on a value of 3 msec for the error in the sound 
arrival-times (c,ot’ = 1m). Although this value is typical of certain sound- 
detecting equipment, its choice is quite nominal, as all other errors in these tables 
are proportional to it. 

Table 3 shows that errors in vertical wind and speed of sound increase more 
rapidly than those in the horizontal wind with decreasing microphone spacing 1, 
as pointed out above. In order to detect a vertical wind of say 5 m/sec, a spacing 
of 1 = 0-2z, would be adequate; but / = 0-4z, would be more satisfactory, 
allowing the determination to be made to within 1 m/sec if the variation is quadratic 
in a 12-km height-interval. 

The error theory for pressure determination has been much simpler than for 
the wind and speed of sound, because the calculation of pressure (equation 7) 
is based almost entirely on the observations of a single burst. Errors do not 
therefore depend on the spacing of the bursts. Table 4 needs to be considered in 
conjunction with the error in the pressure calculation arising from uncertainty in the 
ratio of the specific heats for air; this is proportional to the height of the burst and is 
expected to be of the order of 3% at 90 km (GRovess, 1956). For a comparable 
random error in pressure, Table 4 shows that / would need to be about 20 km. 

From the speed of sound, air temperature is readily determined. An error of 
1 m/sec in the speed of sound corresponds to an error of approximately 1-6°C in 
temperature. 


11. SuMMARY OF RESULTS 


For the symmetrical four-microphone array that has been considered (Fig. 1), 
Table 5 refers to the relationships obtained between errors in measurements and 
errors in the final determinations. 

Values of measurement errors which give rise to equal errors in the final 
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Table 5. References to results 





Errors in determinations of 
wind velocity and speed of 


pressure 
sound 


Measurements 


systematic random systematic random 


(x, y)—co-ordinates of bursts eqs. (68), (75), eq. (103) eq. (103) 
z—co-ordinate of bursts _} eqs. (67), (69) (76) eq. (104) eq. (105) 
Time of bursts eqs. (68), (77) eq. (103) eq. (103) 





(x, y)—co-ordinates of mics. || eq. (61) eq. (61) eq. (108) 
eq. (107) 





z—co-ordinate of mics. and Fig. 2 
Sound-wave arrival times . (62 eq. (72), (97), 
and Fig. 2 





determinations are shown in Tables 3 and 4, together with the resultant errors in 
these determinations, based on certain typical data. 

For a more general distribution of microphones and grenade bursts, errors 
in the determinations could be calculated from the relations obtained in Sections 3 
and 4. 

12. CONCLUSION 

The rocket-grenade experiment enables upper-atmosphere pressures and 
vertical wind speeds, as well as horizontal wind speeds and temperatures, to be 
accurately determined, provided microphones are spaced at adequate distances 
apart. Random experimental errors may be as low as 1 m/sec in the wind and 
speed-of-sound determinations, and 1% in the pressure. 
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Abstract—It is pointed out that sunlight at the wavelength of the D lines is attenuated by passage 
through the sodium layer before it is scattered by the lower atmosphere in twilight. Thus the use of the 
scattered intensity at another wavelength to correct for Rayleigh scattering will lead to an overcom- 
pensation. This effect increases for decreasing angles of solar depression and may lead to negative values 
for the twilight flash intensity. Calculations are presented for a standard detector and for a resonance 
detector consisting of a sodium vapour cell and a photomultiplier tube. 


INTRODUCTION 


To obtain the intensity of the resonance radiation scattered during twilight by 
the layer of sodium in the upper atmosphere, it is necessary to subtract the radia- 
tion scattered at the same wavelength by the rest of the atmosphere. This correc- 
tion is commonly obtained by observation simultaneously of the D lines and the 
scattered light in a nearby spectral region. The difference between the light 
intensity in the sodium channel and that in the background channel is taken to be 


the scattered intensity from the layer. 

When this method of measurement is employed and observations extended 
toward sunset or sunrise, the difference in intensity passes through zero and becomes 
negative at an angle of solar depression which ranges from about 2° to 6°.+ Usually 
negative values persist back to zero angle, although there is a tendency for the 
difference to increase again after a minimum. It is the purpose of the present note 
to discuss the cause of this phenomenon in terms of the absorption of resonance 
radiation in the sodium layer on the side of the earth toward the sun. Through this 
layer the twilight solar photons must pass whether they are to be scattered by the 
sodium layer or by the lower atmosphere. 

The technique of observation under discussion here relies on one important 
assumption: that the light scattered in the comparison band is identical in intensity 
with that scattered in the D-line spectral region by the lower atmosphere. But 
this is not likely to be so even under such favourable conditions as those obtained 
by Bricarp and KastTLeErR (1944), who provide a comparison channel just alongside 
the terrestrial D lines and well inside the Fraunhofer lines. The reason is that at 
sodium wavelengths the sunlight may be severely attenuated when it passes 
through the sodium layer on the sunlit side of the earth (DONAHUE and REsnIcK, 
1955). This affects not only the light incident on the sodium layer but that as well 
which undergoes Rayleigh scattering in the lower atmosphere. The result is that 


* The study reported here was assisted by a grant from the National Science Foundation. 
+ This fact does not seem to have been recorded in the literature, as far as the author can determine. 
The behaviour is present, however, in all of the unpublished data on the twilight flash which he has seen. 
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in early twilight when the background scattering is strong the combined resonance 
and Rayleigh scattering in the D lines may be less than that in the comparison 
spectrum. During late twilight, background scattering becomes so feeble that 
essentially all of the radiation observed comes from the sodium layer itself. 

Two types of detectors will be discussed. One is characteristic of any of several 
applications which pass a band of radiation of width dy at D-line frequency and 
at the comparison frequency. The sensitivity of the detector will be assumed 
constant on the range 6y, and zero outside. The other is the sodium-vapour 
detector of BricarpD and KastTLEr (1944). Calculations will be made for observa- 
tions at zero zenith distance. A layer of sodium is assumed to be distributed between 


70 and 100 km, according to 
n(r) = no exp[—(r — 79)/H], (1) 


where r, = 6-40 x 10?km. So that this model might correspond with those of 
previous papers, NV, is taken to be 2-17 x 10’, 108, or 10° atoms/cm?, corresponding 
to layer thicknesses of 2:31 x 10% cm-?, 2-31 x 10!®cm-?, and 2-31 x 10! em-?. 


EFFECT OF ABSORPTION ON SCATTERING CORRECTION 
For STANDARD DETECTORS 


The thickness of sodium along the path of a solar photon whose impact para- 
meter with the centre of the earth is denoted by P has previously been calculated 
as a function of P for these layers (DONAHUE, RESNICK, and STULL, 1956). If now 


a(v) = o) exp | - 


(v, = V2RT/M, Oo = 10-8 em?) , 


is the cross-section for excitation of the ?P,,. state of the sodium in the layer, 
the number of photons incident at P in a band of width dy centred on the D, line 


will be 
¥9 + 8/2 
J,exp — o(v) Ld, (4) 


¥g — 9/2 


where J, is the incident solar intensity per unit frequency. If the transformation 


is made, this integral is readily evaluated. 
8x/2 : 
82/2 


The series in brackets is obtained on the assumption that the bandwidth is very 


wide. 
On the other hand, the number of photons incident in a band of width dy well 
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removed from the D lines is just J,dv. The difference between the photon in- 


tensities is written 
Vo Vo ¥ (o,L)? (a L)8 
sis lee (col — ? oe ; 
A, * i Val % M73 3IV3 7) 


A is a function of P alone for all points not actually in the sodium layer. 
The difference in numbers of photons scattered by a volume element in the 


atmosphere is then 
—4(Vo/Aq) JA n ar (8) 


where o, is the cross-section for Rayleigh scattering and n the local gas density. 
The observed difference will then be obtained by integrating (8) along a vertical 


column 


—Dy = —(U9/Ao) Joos] An dr. (9) 


The lower limit of integration r’ is determined for a given angle of solar depression 
§ by the shadow line 
r’ =r, sec 0. (10) 


Hence, while A remains always the same function in the integrand, the value of n 
at the lower limit decreases rapidly for increasing 6 and D, becomes very small. 


RESULTS FOR SEVERAL MopEL LAYERS 


A was evaluated as a function of o,Z (Table 1)—hence implicitly of P—and 
the integration of (9) performed numerically for various values of 6 and for the 
layer models discussed above. 


Table 1. A as function of o9L 





Gol A 





It has been shown elsewhere (DONAHUE, RESNICK, and STULL, 1956) that 
considerations similar to these for the scattering of light in the sodium layer itself 
lead to a first approximation to the light scattered in the D, line by the layer which 
will be called w,). When this light is taken into account, the difference in the 
comparison-band is just wy — Dy. @,/Jo and —D,/J, are plotted separately 
together with their sum for three different layer thicknesses in Figs. 1, 2, and 3. 
In the evaluation of (9) it is necessary to use for v,/A, a number consistent with the 
parameter V7 U90/4) = 1:72 x 10-2 cm2/sec, which occurs in the expression 
for wy. In this case vy/A, becomes 0-97 x 10% sec-!. The choice of o, is, of course, 
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Fig. 1. The course of the twilight flash for D, if the sodium layer is 2-31 x 10% atoms/cm? 

thick. The upper broken curve is the layer scattering. The lower broken curves are the 

difference between scattering in D, band and in the comparison band for the lower atmo- 
sphere. The solid curves are the resultants for the two extinctions indicated. 
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Fig. 2. The twilight flash for D, if the sodium layer is 2-31 x 10° atoms/cm? thick. 

The broken curve at the top is the contribution of the layer. The two broken curves below 

the axis give the difference in lower atmosphere scattering for D, wavelengths and com- 

parison wavelengths. The sum of these give the solid curves. The parameter is the scattering 
extinction. 
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Fig. 3. Twilight flash for 2-31 x 101! atoms/em?. The solid curve is the sum of the upper 
broken curve—the contribution of the sodium layer—and the lower broken curve. The 
latter, for an extinction of 0-01/atmosphere, is the difference between the scattered intensity 
in a band centred at D, and another band away from the D lines. 














difficult. In terms of the densities, n, used here the vertical thickness of the at- 
mosphere is 2 x 10% particles. It is required that o, be 5 x 10-?? cm? to yield 
a scattering extinction of 0-1/atmosphere. 

From the curves shown it is clear that various combinations of layer thickness 
with scattering cross-section, o,, are capable of yielding results which agree 
qualitatively with the observed differences. For detailed comparison, accurate 
values of o, are needed and account must be taken of the actual altitude at which 
the observations are made. In most cases this latter is well above ry. It is evident 
that as the altitude of observation increases, D, should diminish and the observed 
intensity difference approach m, alone. In fact, it might well be that more readily 
interpretable information about the sodium layer could be obtained by noting the 
behaviour of (w, — D,) as a function of the altitude of observation for low angles 
of solar depression. 

THE Sopium Vapour DETECTOR 

The resonance detector of Bricarp and KaAsTLEeR (1944) does not provide a 
flat pass-band over a definite frequency interval dv. Instead, the radiation incident 
from the atmosphere is scattered to a photomultiplier by vaporized sodium. 
A pulsed magnetic field shifts the resonance line in the detector from the D line 
frequency to a nearby frequency and back again. The difference in photocurernt 
is recorded. 

If it can be assumed that the absorption coefficient, k(v), of the sodium in the 
detector is the same as that of the sodium in the upper atmosphere, then 


k(v) F(v) dy, (11) 
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where F(y) is the spectrum of the incident radiation, measures the detected 
intensity in the frequency interval dy. As above 
F,(v) = J, exp [—o(v)L]o,fny exp [—(r — r9)/H] dr (12) 
in the D, line, 
F,(v) = Joo, fro exp [—(r — 79)/H] (13) 
at the comparison frequency. 
It has been shown elsewhere (DONAHUE, RESNICK, and StvuLL, 1956) that 
fx(v) exp [—o(v)L] dy = (WV rv909/49)T(o9L) (14) 


where 7'(o,L) is a transmission function which appears in the theory of imprison- 
ment of resonance radiation and gives the probability that a resonance photon will 
be emitted somewhere in a gas and travel through a thickness LZ without being 
absorbed. In terms of this function 


| (v) F,(v) dv = (J qvga9V 7/Ap) oN’ | “T(o9L)no exp[—(r —1r,)/H] dr, (15) 


[xoree) dy = (Tov0a0V algo” | M9 exp [—(r — ry)/H] dr. (16) 


The difference is just proportional to 
[Cr oot) — 1] exp [—(r — rH ar. (17) 


As a function 6 this difference behaves in a fashion very similar to the corresponding 
integral 


[a exp [—(r — rp)/H] dr. (18) 


for the other type of detector. Qualitatively the same results should be obtained 
also with the sodium-vapour receiver. No attempt has been made to predict these 
quantitatively, however, because the effect of the absorption-line shape k(v) in 
the detector on the resonance line of the same shape coming from the sodium layer 
is rather difficult to evaluate. 


SUGGESTIONS FOR EXPERIMENTS 


Two suggestions are prompted by these considerations. The one is that not only 
the difference in intensity be recorded as a function of 6 but also the intensities 
separately. For in the flat band-pass type of detector the light scattered in the 
comparison channel is 

J dvo,{N dr, (19) 


and in the resonance receiver it is given by (16). Thus it is in principle possible to 
obtain o, for both cases from these data if the characteristics of the detector are 
well enough known. The other suggestion is that attention be given to recording 
these data simultaneously at several different altitudes or else to observing the 
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entire twilight flash from an extremely high altitude. In the latter case the com- 
plication of lower-atmosphere scattering would be removed effectively from the 
problem. In the former case this scattering might be used to sample the solar 
radiation which has passed through various thicknesses of sodium. From the 
variation of the scattered intensity as r’ in (9) is varied, particularly if the scattering 
in a comparison-band is also measured, it is possible to deduce the vertical thick- 
ness and location of the sodium layer. 


An acknowledgement is gratefully made to Mr. J. E. BLamont for the use of 
many of his unpublished results and for several illuminating communications. 
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the ionosphere 


J. D. WHITEHEAD 
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Abstract—It is shown that short-lived increases in the mean amplitude of waves reflected from the 
F region of the ionosphere are the result of focusing effects caused by large-scale distortions moving 
horizontally. The velocity of the movement can be determined from simultaneous observations of 
changes in the amplitude and the phase. It proves to be of the same order as that found at the same 


time for the small irregularities. 
There is a marked diurnal variation in the number of amplitude increases caused by focusing. 


1. INTRODUCTION 


WHEN the amplitude of a radio wave reflected at vertical incidence from the 
F layer of the ionosphere is studied, it is usually found to fade with a quasi-period 
of a few seconds about a mean value which is often fairly constant for an hour or 
so. Frequently, however, the mean amplitude increases considerably for several 
minutes. These short-lived increases of amplitude, which we shall call bursts, 
have often been attributed to focusing effects in the ionosphere, but there seems 
to have been little attempt to demonstrate that this is their origin. 

The object of this paper is to present experimental proof that bursts are caused 
by large-scale distortions of the ionosphere which focus the wave back onto the 
ground. The short-lived changes in the mean amplitude observed at any one 
place are caused by these distortions moving horizontally overhead. 

The essence of the proof is twofold. It will be shown first that a burst of ampli- 
tude occurs over a limited region which moves along the earth’s surface, and 
secondly that changes in the mean amplitude are associated with variations in 
phase path such as would be expected if the reflection took place from an equi- 
valent curved mirror. 

2. THE OBSERVATIONS 

Radio pulses of frequency 4-2 Mc/s were reflected at vertical incidence from 
the F region of the ionosphere and received on a polarized aerial arranged to 
reject the extraordinary wave. The first echo was selected by a gate and a record 
was made of its amplitude A: this will be called an A(t) record. Bursts of 
amplitude of the types shown in Fig. 1 were frequently observed. In some of 
these the fading speed during the burst was about the same as that immediately 
before and after: in others it was considerably greater. 

The group path P’ was recorded at the same time, and it was often found that 
bursts were associated with splits of the type reported by Munro (1950). 

The variation in the phase path P of the echo was recorded by using an equip- 
ment of the type described by Frypuiay (1951). This record will be called the 


P(t) record. 
Records of A(t), P(t), and P’(t) were made at Cambridge during the period 
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July 1953 to February 1954, and in addition A(t) and P’(t) records were analysed 
for the period May 1952 to June 1953. Some measurements were also made using 
a similar equipment at Swaffham, 15 km to the east of Cambridge. On these 
occasions the amplitude of the echo emitted from Swaffham was also recorded 


at Cambridge. 


Amplitude —» 








Time —e 


Fig. 1. Types of bursts. 


3. THE MOVEMENT AND EXTENT OF THE BURSTS 
OBSERVED AT THE GROUND 


When simultaneous records were made at Cambridge and at Swaffham of 
the amplitudes and phases of waves returned vertically from the ionosphere, it 
was found that a burst, or a characteristic run of phase, occurred together at the 
two places, but the Swaffham records were delayed in time by about one minute. 
The amplitude record of the wave emitted from Swaffham and received at Cam- 
bridge showed a corresponding time-delay half as great. It was concluded that 
the bursts and characteristic phase distribution moved along the ground with an 
effective velocity* in the E-W direction of about 200 m/s towards the east. 

The average duration of the bursts was about two minutes, and if the magnitude 
of the velocity is taken to be half that of the E-W component, it follows that the 
size of the bursts along the ground was about 15 km. 

In an attempt to confirm this size and to find the effective velocity in the N-S 
direction, the amplitudes of pulses received at Cambridge from a local sender 
and from a sender on the same frequency at Slough, about 80 km to the south, 
were simultaneously recorded on a few occasions. There was no obvious relation 
between the bursts on the two records, from which it is deduced that the 
average size of a burst was less than 40 km, the distance between the reflecting 
points. 

It is concluded from these experiments that bursts are limited in their 
extent over the ground, in conformity with the hypothesis that they are caused by 


a focusing process. 


* If the movement is in a direction making an angle @ with the line joining the two places, this 
effective velocity is greater than the actual velocity by a factor of sec 6. 
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4. THE PHASE RELATIONSHIPS 
4.1. Theoretical 
Let the transmitter and receiver be at a point 7'R (Fig. 2a), above which 
there is a wrinkled surface. Reflection occurs from near a point where the tangent 


wl 











(b) 
Fig. 2. 


to the surface is perpendicular to the ray. Suppose the surface near this point has 
a one-dimensional radius of curvature FR, then it acts like a mirror and an image of 
the transmitter is formed at a distance v from the mirror. If uw is the distance from 


TR to the reflecting point, then 


(1) 


At near-vertical incidence u = h, and during one experiment in which the 
reflection height does not change more than a few kilometres, u can be regarded 
as constant to a first order. Then the power illuminating an area of constant 
length Z and unit width on the mirror is constant. This power is returned to the 
ground onto an area two units wide and of length 


(2) 
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and the power density at the receiver is 


Thus the amplitude A of the echo is given by 


1 U 
A? = ] —— 
aia u eo ae (4) 


R 


Now, in Fig. 2(b) let the centre of curvature be situated at C and let x be the 
horizontal distance of C from 7'R. As TR moves a distance Az along the ground, 
the reflection point moves from P to Q and u changes to u + Au. 


Then 


and 


Hence 


Now, the slope of the reflector is never more than a few degrees from the 
horizontal, so that du/dx < 1, and approximately 


(5) 


If the reflecting surface moves with a horizontal velocity V, x = Vt and 
Tu 1 du 
: eg aa? so that, remembering that uw = h and that the phase path P = 2u, 
ax" 0 

h dP 


A? oc 1l— , 
2V2 dt? 


(6) 

This relation can be tested experimentally and, if it is found to be satisfied, 
the velocity V can be calculated when hf is known. The magnitude of V thus 
determined will be the actual velocity rather than the component in any particular 
direction. 

In the ionosphere a wave is gradually refracted instead of being sharply 
reflected as from a mirror. The effective mirror discussed here could arise in 
practice because the planes of equal electron density in the ionosphere were 
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distorted, either remaining parallel to eacn other, or ceasing to be parallel so that 
portions of the ionosphere behaved as lenses. 


4.2 Experimental 


P(t) and A(t) records were made simultaneously to test the relation given by 
equation (6). d?P/dt? and A were averaged over periods of one minute, and each 
experiment was limited to a period of half an hour, during which the absorption 
did not change appreciably. The result of a typical experiment is shown in Fig. 3 
by plotting the square of the amplitude against d*P/dt?. The magnitude of the 








0:2 
m/sec? 


Fig. 3. Plot of the square of the amplitude against d?P/d??. 
1327 to 1359 GMT, 28 October 1953. 


velocity V was found, from the intersection of the line on the dP/dt? axis, to be 
110 m/s. This magnitude and those obtained on other occasions were con- 
sistent with the effective velocity found by measuring the delay-time between 
the Cambridge and Swaffham records. 


5. THe RELATION OF BurRsts TO Munro’s 
TRAVELLING DISTURBANCES 


Munro (1950) first drew attention to the type of echo-splitting which gave rise 
to a double trace on a P’(t) record, lasted a short time, and occurred on an echo 
of one polarization. He explained these as being produced by reflection of the 
waves from a part of the ionosphere curved in such a way that two or more normals 
could be drawn to it from the observing site. He also suggested that these curved 
parts of the ionosphere might focus the rays to some extent. By making observations 
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on the split echoes at separated sites it was possible to show that the curved 
parts of the ionosphere moved with a measurable velocity. 

In the present work it has been found that split echoes of the Munro type 
are often associated with bursts. In particular it has been found that just before 
the split occurs, the rate of fading increases considerably as though it were pro- 
duced by interference effects between two overlapping echoes. It appears to be 
this phenomenon which produces the rapid fading bursts mentioned in Section 2. 


6. THE EXPERIMENTS OF BRAMLEY AND Ross 


The experiments of BRAMLEY and Ross (1951, 1953), in which the angle of 
arrival of the down-coming wave was measured, are equivalent to our measure- 
ments of the changes in phase path: their results are substantially in agreement 


with our own. 


7. THE VELOCITIES OF IONOSPHERIC DISTORTIONS AND OF 
SMALLER [IRREGULARITIES 


The velocity of travel of the distortions in the equivalent mirror were deduced 
from equation (6) on a few occasions when drifts of small-scale irregularities were 
being measured on the same frequency by Dr. SPENCER, using the Mitra (1949) 
method. This method makes use of the time-displacement of the rapid fading 
observed on receivers spaced a short distance apart, and provides a measure of the 
velocity of ionospheric irregularities of size equal to a few hundred metres. 

Table 1 gives the results of simultaneous observations which lasted, in all, 
over forty hours. The limited number of results points to the infrequency of 
conditions which give both good travelling bursts and good rapid fading, on 
which measurements could be made simultaneously. 


Table 1 





Time Velocity by the Velocity of large 


Date GMT) Mitra method distortions 
(m/s) (m/s) 
28/10/53 1230-1300 100 90 
1300-1330 135 110 
1330-1400 70 90 
28/1/54 1330-1400 100 100 
Average 101 98 





Enough results were obtained to indicate that the distortions had velocities 
of the same order as those of the small-scale irregularities. It was never possible 
to check the direction of the velocities. 

8. THe DiuRNAL VARIATION IN THE FREQUENCY OF 
OCCURRENCE OF BURSTS 


Very few bursts were observed at night. They occurred during all daylight 
hours, but were more frequent in the morning than afternoon. Near sunrise there 
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was a rapid increase in the numbers observed and a gradual tailing off at sunset. 
Theories regarding the formation of the distortions in the ionosphere must 


account for this marked diurnal variation. 
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The absorption of radio waves in an ionospheric layer 
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Abstract—The absorption of radio waves travelling vertically through or reflected in a Chapman layer is 
investigated by a method which takes into account the presence of the earth’s magnetic field. The 
distribution of the absorption along the path is considered, and it is shown that when the wave is reflected 
inside the layer an important contribution to the absorption occurs near the level of reflection. 


1. INTRODUCTION 


In previous calculations of the absorption of radio waves in ionospheric layers, 
attention has been concentrated on finding the total absorption (JAEGER, 1947). 
The object of this paper is to show how the absorption is distributed with height 
in the layers. Only the case of the ordinary wave at vertical incidence is considered, 
the effect of the earth’s magnetic field being included. 


2. THe FORMULAE 


The absorption coefficient « is derived from APPLETON’s (1932) well-known 
expression for the ordinary wave: 








Ls, — wily =] — = 


@ 


ie, ieee aS <P £.. 
sf 4 — & — 4a * 


The meanings of the symbols are explained in the paper referred to. Assuming 
only that 1 — X > Z, it is shown in the Appendix that 


o XZ(1 + 2Q, cotan? 6) 


2¢ (1 sai ae (2) 
1+Q,Y, 


(1) 





K= 





where Q,=V1l+m—m 
Q> a 


= os Y, tan? 0 
 2¥,1—X) + ai — X) 


m 


and 9 is the angle between the imposed magnetic field and the direction of 
propagation. 

In calculating the absorption of waves of frequency greater than 2 Mc/s 
in the E or F regions of the ionosphere in which the collision frequency of electrons 
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vis less than 5 x 104 per second, equation (2) is a good approximation from X = 0 
to X = 0-995. 

The error in the total absorption calculated from equation (2) will generally 
be less than 5%. 

At any level the absorption per unit length can now be found. At vertical 
incidence, however, the absorption coefficient « changes very rapidly near the top 
of the trajectory, and direct integration of a close approximation to equation (2) 
near X = 1 was used to find the absorption above the level where X = 0-95. 


3. THE RESULTS 


The absorbing effect of a Chapman region of critical frequency 3 Mc/s on 
vertically incident waves of the ordinary mode whose frequencies were 2 and 4 Mc/s 
was calculated.* The two chosen frequencies were so far removed from the critical 
frequency that no unduly great absorption arose because of great group retardation. 

The earth’s magnetic field was taken to be such that f,; = 1-2 Mc/s and 
6 = 23° (angle of dip = 67°). This approximates to the conditions at Cambridge. 
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Absorption ——> 


Fig. 1. The absorption of 4 Mc/s waves passing through a Chapman layer of critical frequency 
3 Mc/s. The broken line shows the absorption when the earth’s magnetic field is neglected. 


* The lower frequency waves were reflected in the region and the higher frequency waves transmitted 
twice through it. 
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The collision frequency was assumed to decrease exponentially with height, 
with the scale-height appropriate to the Chapman layer. 

The results of the calculations are shown in Figs. 1 and 2. In Fig. 1 it is seen 
that the maximum absorption of the wave penetrating the layer occurs nearly 
one scale-height below the level of maximum electron density. The dotted outline 
shows the absorption calculated by a method in which the earth’s magnetic field 
is neglected. The absorption is everywhere greater without the field. The total 
absorption, in terms of the logarithm of the reflection coefficient, is 


eae 0g 
Mies cohen” 


including the effect of the earth’s field, and 
log p = 0-098? 
a 


Level of reflection 





exes 


| 











+ Free space wavelength 
* when H = 10km — 





| 





fe) 





N 





~——Scale heights below maximum of region 
o 




















I 
| 
| 
T 
! 
| 
1 
I 
I 
! 
! 

i 
| 

| 

l 

| 

1 

| 

+ 

| 

| 

| 

| 

| 

! 

t 

1 

I 

| 

! 

: 


2:0 





Absorption ——» 
2 Mc/s waves reflected in a Chapman layer of critical frequency 


Fig. 2. The absorption of 2 
3 Mc/s. The broken line shows the absorption when the earth’s field is neglected. 
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when the earth’s field is neglected. In each case the area of the block immediately 
below the level of reflection represents the absorption above the level X = 0-95. 
The total absorption is not affected very much by the presence of the earth’s 


H ‘ 
field, —log p being 1-49 ae when account is taken of the presence of the earth’s 


H 
magnetic field, and 1-66 a neglecting the earth’s field. 


The inclusion of the earth’s field results, however, in the occurrence near the 
reflection level of a very large proportion of the total absorption. 
neglecting the earth’s field. H is the scale-height in km and », the collision frequency 
per second at the maximum electron density of the layer. 

Fig. 2 shows how the absorption of a wave reflected inside a layer is distributed 
throughout its path. The dotted outline again shows the result of the calculation 


4. CONCLUSIONS 


Fig. 2 shows that, when the earth’s magnetic field is present, a considerable 
amount of the total absorption occurs near the top of the wave trajectory in the 
deviating region. The concentration near the top of the trajectory is much less 
marked when there is no magnetic field. 

The fact that such a large proportion of the absorption occurs, for a simple 
Chapman layer, in the deviating region suggests that some revision may be neces- 
sary of the widely-held view that most of the absorption in the actual ionosphere 
is in a nondeviating region. 

The total absorption of a wave reflected in the H layer will depend markedly 
on the collision frequency, and on the gradient of electron density, near the level 
of reflection. For instance, the thin ledges which are known to exist in the # region 
of the ionosphere will greatly affect the absorption of waves reflected from them. 

If we assume a scale-height of 10 km we find that when the 2 Mc/s waves 
were reflected from the Chapman region of critical frequency 3 Me/s, over 
half of the total absorption occurs within the topmost 300 m of the trajectory. 
Calculations appropriate to this part of the path, based on full-wave theory though 
neglecting the earth’s magnetic field, seem to show, however, that the result for 
the total absorption is not greatly in error.* 
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APPENDIX 


We have, 
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We assume that 
Therefore 


Then we have, 
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If we let Q, = V1 + m—m 


and 


then 


From equations (1), (2), and (3), 
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Y;2 
Remembering that oo = cotan? 6 and that Z <1, we get that 
T 


x : 
9,5 a+r, + Q,Y7, + 1Z(1 + 2Q, cotan? 6)] 


When Z <1 — X, uw > =, Therefore, when we separate this equation into its real and 
imaginary parts, we get 
x 
~14+Q¥z 
XZ(1 + 2Q, cotan? 6) 
X (5) 
14%; 


w=) (4) 








This is equation (2) of the main text. The most convenient method of computing yw? and x 
is first to tabulate Q, and Q, as functions of m. Then for any value of X, Y;, and 6, m can be 
calculated and the corresponding values of Q, and Q, found. jv? and « can then be immediately 
calculated. 
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Abstract—If the ionosphere is regarded as a plane, patchy reflector, it can be shown by using Doppler 
shift theory and wave theory that drift and turbulent processes with periods less than A/2 sin « (A is 
the radio wavelength and 2 is the angle subtended by the reflecting area on the ground) do not produce 
patterns on the ground and other short-length processes are attenuated. The correlogram of the reflected 
signal is also correspondingly modified, and some ionospheric observations are examined in the light of 


this theory. 
1. INTRODUCTION 


Mirra (1949) has described a radio method of measuring winds in the ionosphere, 
and this type of apparatus has been used at several sites, including Lower Hutt 
in New Zealand. The type of fading signal received on normal ionospheric reflection 
has been discussed by RATCLIFFE (1948), BRig@s and PHiuurps (1950), and BANERJI 
(1953 and 1954). 

Here we extend the theoretical discussion of the fading pattern in Sections 3 
and 4, and show at the end of Section 4 how a rough estimate of “‘wind’’ speed 
may be made from a single record of the ionospheric fading pattern. Sections 5 to 7 
are a parallel treatment of the theory employing a GREEN’s-function solution of 
the radio-wave equation and regarding the ionosphere as a plane, patchy mirror. 
This is convenient for considering cross correlations between receivers which are 
not discussed in Sections 3 and 4, using the Doppler shift theory. On the other 
hand, finite-sized reflecting areas are not discussed because of their relative 
difficulty compared with the Doppler shift treatment, though their treatment 
would follow the lines of optical diffraction theory. However, it is to be understood 
that, in the case of finite-sized reflectors or narrow-beamed transmission, the results 
of the theory must be modified as in Section 4. In Section 8 we see with what 
limitations the radio-fading records can give us information about the turbulence 


in the ionosphere. 


2. A StmpLeE PICTURE OF THE DIFFRACTION PROCESS 


In Fig. 1, if AB is a reflector and O is a source of waves of wavelength /, then 
the waves reflected back to O from A and B will have a wavelength A/sin « on a 
line through O and so will produce standing waves of that wavelength. Waves 
reflected from points between A and B will produce standing waves of a greater 
wavelength, so the resultant reflected pattern will contain a spectrum of all 
wavelengths greater than //sinw. The intensity of reflection will, in general, 
decrease with increase in the angle of reflection and with increase in distance from 
the reflector. Accordingly, we expect the envelope of the ground pattern to 
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possess long wavelengths of maximum amplitude, decreasing amplitude with 
decreasing wavelength, and cut off at A/sin «. If the reflector is infinite, the cutoff 
will be at wavelength 4 at zero amplitude. A suggested wavelength amplitude 
pattern is given in Fig. 2. 











Amplitude 











A A/sine Wavelength 


Fig. 2. 


3. AUTOCORRELOGRAM OF SIGNALS FROM A MovinG REFLECTOR 


(i) Turbulent motion 


If an element of reflector has a line of sight velocity wu where w is normally 


. . 1 2/9 . . . . 
distributed, dP = —_—. e~“”?* du, the frequency shift on reflection is given by 


‘ o(2z)! 


<u . . , 
f = fo i -+- —), On substituting for wu, the frequency spectrum is then 


C 2 227 2,2 
me eee (f —fy)"/8fo°o d 
2fyo(27)! J 
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The autocorrelogram of signals with lag 7 and this frequency spectrum is 
(BANERJI, 1954). 
p(7) [ eI gP 


oJ 


= ~@~ Sut fy?0?7?/c? 


For pure turbulent motion the autocorrelogram is always positive and decays 
normally with the time lag for normal turbulence. 


(ii) Steady drifting motion 
If v is the velocity of horizontal drift at a point whose co-ordinates are (7, 9, ¢), 
es : 2v sin 6 cos 

as in Fig. 3, then the frequency on reflection, f =f,(1 + Ts _) ‘ 








Fig. 3. 


To find the frequency spectrum on reflection we require the amplitude of 
signal received for all 6 and ¢. The signal strength from a p-pole transmitter 
with vertical axis is 

ie 


» -1(08 8) oc cos? 6 


The signal received by a q-pole receiver is proportional to cos? 6. 

This approximation is good for small 0, while for larger 0 both the accurate 
and approximate expressions are small and their difference contributes little 
to the total received signal. An element of the receiving surface has area 
(72 — h?)' d(r? — h?) dé = r dr dd, and the face area it shows to the transmitter is 
proportional to cos §. If it reradiates in all directions, the reflecting power of the 
element is proportional to rdrd¢écos6@. If the reradiation is directional, we 
replace this by rdrd¢ cos**! 6, where s is a measure of the narrowness of the 
reflection. Hence the element of returned signal 


dP « cos?*2***! @ sin 6 cos-3 6 dO dé = (27)! db n cos"—! 6 sin 6 dO 


wheren =~ p+q+s-—l. 
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Let sin 6 cos ¢ = a, sin 6 sin d = y, then O(xy)/0(0¢) = cos 6 sin 6; 
so dP = (n/2z) dx dy (1 — 2? — y?) "7-1 
where x = c(f — fy)/2uf. 

For the frequency spectrum, integrate w.r.t. y, 


(1—22)3 


dP 


where x = c(f — fy)/20fo. 
The case for n = 2 is considered in detail by BANERJI (1954), while approxi- 


mations to the general case are given by Brices and PHILuips (1950). 
The autocorrelogram of signals with lag 7 and this frequency spectrum is 


p(r) = Jerr dP 


og ee a 


- 


For steady drifting motion we may expect the correlogram of the amplitude 
envelope of the received signal to oscillate through positive and negative values 
for large time lags. We may approximate 


a 


n ai 2 n+1 
- = 2 ty = 4nvfpr =n +l 
( cos a : ) 


pris Qrof yt 


for large 7. So the correlogram settles down for large + to a frequency c/2vf, 
or if it moves over the ground with speed 2v, its wavelength is c/f, = 4 (the radio 
wavelength). 


(iii) Combined drift and turbulence 
The Doppler shift at a point (6, ¢) gives 
2u + 2v cos ¢ sin 6 
asl 4 Bt eedsing 


Cc 
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and the distribution function is 
dP =e“ (duja(2m)')(db/27)n cos”~! 6 sin 6 dO 
If we substitute for wu, we get 
dP = (ncdf/2fyo(27)?!2) e—lS—I0?fo—v cos 4 sin 1/20" gd cos"! 9 sin 6 dO 
The frequency spectrum is obtained by integrating over 6 and ¢. This is best 
done by first substituting 
x = sin 6 cos 4, y = sin 6 sin 4, and O(xy)/0(6¢) = sin 6 cos 6 
and integrating over the circle 2? + y? < 1, 
£6. } " g—lelf—f2fy—ve20? | | as a. 
4afyo(2m)* J -1 J-a-22)! 


fad 


cdf elf —fo)/2fo—v2}?/20° (y 


2fyo(2n)'B( 5, wie ‘| 4 


») 





This frequency distribution has a maximum at f = f) and combines the charac- 
teristics of the previous two distributions. The integral cannot be evaluated 
simply to give the frequency spectrum, but the correlogram with lag 7 is 

p(r) = feo dP 


n 


eres ; -= 
= @ 8 forrle'y | 2 (2afyv7/c) *In (4afgvz/c). 


The resultant correlogram is the product of the previous two. 


4. Tue Errect or FINITE-SIZED REFLECTING CLOUDS 
AND PuLsE TRANSMISSION 

A short radio pulse will at any time illuminate a part of the ionosphere between 
two concentric spheres. The brightness of the reflection will first rise from zero 
when the front of the pulse reaches the bottom of the ionosphere overhead, to a 
maximum when the back of the pulse has just passed through the ionosphere 
overhead and the pulse is illuminating a circle of ionosphere centred overhead. 
After this the intensity falls off as the pulse illuminates a ring of increasing radius. 
The radius of the circle at maximum illumination for a 100-usec pulse and an 
ionosphere 10 km thick at a height of 100 km will subtend an angle of 37° at 
the transmitter. 

We consider the nature of the signal received from such a circle or a circular 
cloud overhead and suppose its semiangle at the transmitter is «. 

For the case of uniform turbulence the result stands. For steady drift 

} 


(sin? «—2?)* be 
dP = Kdz [ (1 — 2? — y?)' 


0 


sin’a —a2\? 


n—1 ( =a 
= K(l — 2*) ? ax | 
0 
_ of — fo) 


where (se 
2uf 
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This is an incomplete beta function which can be evaluated for small integral 
values of n by substituting z = sin? 0 


n—1 sin71(0* ——F 
P| K(1 rr x) 2 ax | ses cos”—} 6 dé. 
0 
In particular, if n = 2, 


2 


dP = ——— (sin? a— x) dx 
7 sin? « 


and the correlogram with lag time 7 


p(t) = J cos 27 (f — fy)r dP 


c 4rvf,7 sing 

J 0 

aie ——— Jf $< 
2rvf 7 sin 


C / 


Thus the effect of cutting off the part of the sky for 9 > « is to increase the wave- 
length of the periodicity in the correlogram for large 7 from / to A/sin «. For other 
values of n considered, the effect of a finite-sized reflector was not a simple change 
of scale, but a shift from a J,). towards a J,, and in all cases the wavelength of 
the pattern on the ground was changed to //sin « for large time lags. 

A correlogram from a 2-min ionospheric reccrd taken at Lower Hutt, N. Z., 
was constructed with time lags up to 14} sec. This had a basic periodicity of 
4-0 sec and was most closely approximated by a Bessel function of order }. It also 
exhibited two other periods of 2-3 sec and 33sec, and any other periods were 
below the level of significance. Auto- and cross-correlograms from this and the 
other two receivers of the system for up to 5-sec lags showed roughly the same 
characteristics, and the ionosphere velocity computed from lags in the cross- 
correlograms was 71 m/sec. The velocity was also computed from time differences 
of sixty-five characteristic points on the records giving a value of 80 m/sec. 

Since sin « = A/2v7' where 7’ is the period of the correlogram and 4 = 120 m, 
we see that the half-angular aperture of the reflecting area, « = 12°, while it is 
20° and 14° for the other periods. 

Since the period of the correlogram is equal to the period of the original record, 
it was found more convenient to examine the original records for their periodicities. 
The records from Lower Hutt for the month of June 1953 were examined and the 
period of the most rapid oscillations in each record was noted against the velocity 
and sin « computed. Values for sin « from thirty-nine reasonably good records 
ranged from 0-03 to 1-15, with a mean of 0-36 and probable error of 0-16. 

In the analysis by Briaas and Purvures (1950) the correlogram was given 
only as far as the first zero, so a comparison between theirs and this analysis may 
be made by comparing the correlation functions for small lag times. The first 
two terms of the expansion of p(r) are 1 — 2(2zvf) 7 sin «)?/(m + 2)c* for this 
analysis, and 1 — 2(2mvf7)?/(n’ + 3)c? for the square root of the power correlogram 
given by Bricas and Puiuiips. These expressions are comparable if 
sin? a = (n + 2)/(n’ + 3), and taking 9) = 1-67n’-' where 6) measures the 
angular spread of power, then sin « ~ (n + 2)0,/3. If a wide-angle aerial system 
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is used, then n is small and « and 6, are of the same order of magnitude. The 
values of « obtained here appear to be somewhat larger than 6) as obtained by 
BricGs and PuiLures and show the same type of spread, so with a scaling factor 
of 2 or 3 they appear to be comparable. 

Two other correlograms were examined to determine «. BANERJI (1954) gives 
an autocorrelogram which is composite of several curves and contains a 16-sec 
ripple for a wind speed of 215 m/sec and 150 ke/s waves giving « = 17°. McNicou’s 
(1949) correlogram can be fairly closely fitted by a J9(x) or sin 2/~. He made no 
measurement of wind speed but used a wavelength of 50 m, and the correlogram 
has an obvious period of 20sec. If we use the formula v = 4/27 sin « and insert 
0-36 as an average value for sin «, we get v = 3} m/sec. There is a suspicion of a 
21-sec ripple on the curve. If this period is real, then v = 28 m/sec with the 
probable error in sin « as the main source of error. This latter value is a much more 
likely value for the ionospheric drift. 


5. SmMootH IONOSPHERE 


The field strength on the ground reflected from the ionosphere is found by 
solving the wave equation with suitable boundary conditions on a plane surface 
representing the ionosphere. Since all the electromagnetic elements satisfy the 
same wave equations, we take ¢ to represent any one of them, and 


1 
| —$s 0G/an dS, 
7 


where P is a field point, S is a surface point, and G is a GREEN’S function satisfying 
the usual conditions plus being zero on the surface. 
If the transmitter has co-ordinates (0, 0,0), P is (7, y, 0), S is (&, 7, h), and 


G = e*/r — er Ir’, where r = [h? + (€ — x)? + (n — y)?]' and 7’ is its mirror image, 
then —0G/dn = 2e""(hr-* — ikhr-*) and ¢, = (27)-1ffd,e""(hr-3 — ikhr-*) dé dn 
will satisfy the wave equation A*é + k*¢ = 0, where k = 27/4 and / is the 
wavelength of the radiation used. 

For an omnidirectional radiator and perfect reflection at the ionosphere we 
may take ¢, = e’**/s, where s = (h? + & + 7?)', or for a directional radiator 
¢, =e'** cos"! 6/s, where cos 6 = h/s, will be a good approximation where ks 
is large. 

If 2 and y are zero, r = s and ¢, = e?'*"/2h. This is the field one would receive 
if the transmitter were at a height 2/ vertically above the receiver. 

For pulse transmission, if a rectangular pulse starts at time ¢ + é¢ and stops 
at time ¢ prior to observation, then the observer will see a ring of the ionosphere 


for which values of r lie between 3ct and c(t + 6t), so 
dp = —ike dt h"(4ct)-"-1e*[1 + 0(1/t) + 0(6t/t)], if t > 2h/c. 


Hence it may be seen that the signal amplitude is zero till the front of the pulse 
returns, then builds up in one wavelength, and then decays approximately pro- 
portional to ¢-"-!. For a practical case, the front of the returned pulse will be 
determined by the shape of the transmitter pulse, while the end of the returned 
pulse will depend mainly on the directional characteristics of the transmitter. 
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6. Errect OF A PHASE AND AMPLITUDE CHANGE ON REFLECTION 
If unit incident signal gives rise to a reflected signal of amplitude a and phase 
change « or total response A(&, 7, t) = ae’*, then 
LY eee f ikh 
d(x, y, t =5-| fale é, 4, t — =) = — ef em ( or =) dé dy 
and 
eihr+s8) e2iklh? + - (a? + y?) + (§—42)?+ (n— By)? i 


If we shift the origin of (&, 7) by (x/2, y/2) and take [h? + 4(a2 + y?)]! as a new 
value for h, then to a satisfactory degree of approximation 


d(x, y, t) =~|| A (2 +5 a 3 $= Uae 2im(h® + 2+ 2]? 


ikh 
ae as ae led 
<(@ PPL ar E+ ae) ei 


neglecting the correction to ¢ as r/c is small compared with the time constants of 
movements in the ionosphere. 
If the irregularities in the reflector drift without change of shape with velocity 
V in a direction 6, then 
A(é, n, t) = A(Eé + Vr eos 6, n + Vrsin 8, ¢t + 7) 
where 7 is any time interval. 
d(x, y, t) = O(a + 2V7 cos 6, y + 2Vrsin 6, t +7). 


Hence the field pattern on the ground will drift without change of shape with 
velocity 2V in a direction 6. 

If A has oscillatory components of length 4 and frequency f, then ¢ will have 
oscillatory components of length 2A and frequency f. 

Since ¢ is a linear transform of A, the amplitude of its components will be 
proportional to the amplitudes of the components of A multiplied by a transform 
scaling factor. 

To fully evaluate 4, we consider its Fourier transform. 

Let A(xyt) = > a,e't*hu—ob 


then d(xyt) =;-[[s-. pil (ast hg a t)+ (hE +k, n)| +2ik(h? +6247? 22 


dé dy 


| ee aire tkh 
(h2 + + 77)? (WR E+ | 72) 32, 


ln 2,8 27 00 
Sim giles thay —e) 1 [ dé [ eith2+k2)} 7 cos (O—a,) + 2ik(h? +72)t 
sail. 27 Jo J0 


h akh )r ie 
x (h2 2 er p22 (h2 + p2)3/2 ” 
aE ; <. 2ik(h2 +12)? ? 
2 = 
Tol(h? + kei)ir] 2, aaa) | 
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Let r = hz, 2th = a, 


i(3 + kg - “a b Fe gia +22) | 
Z 0 


ae ah Te OO 


If I(ab) = [ giat+a*yt T (ba) dx/(1 + x?) 
J0 
we obtain a Sonine integral by differentiating 


1 3 ma\* (% 

a =i x bx)f — J, + x2)! ,, F + yx2)ip a2 —}t 

= aap (OL) 5 J wFolbxy—Ssla(l + 2%) + AF _yfa(d + 28) + a8) de 
The real part = —(a? — b?)—? cos (a2 — 62)? if a>b(=Oifa <b) 

(see Watson, 1944, 13.47, 1). 


ol 1 (°* cos (a2 — u?)! aS 
-udu since —=0 
b J0 Ca 


9\1 


me (a2 — u?)? 

_ {—b sina if b>a 

~ |b {sin (a2 — b?)? — sin a] if b<a. 
rh 


*. Real part of J = 6-1 |] sinadz + db [ [sin « — sin (a? — b?)']d~ for a<b 
a Jb 


x 
= §-1 [ [sin a — sin (a? — b?)*] dx 
Ja 
if a>b, since [>0 as a->o. 
Hence the real part of the multiplier for A(ayt) is 


{sin a2 — sin (a? — b?)*]}dx if a<b 
Jb 


cos 6 — 
l 


a “s 
Ls a — | [sin z — sin (x? — 62)'|)dz if a>b 


va 


__ 1 {bK,(6) if a<b 
- 2hieos a — (b?/2a) sina + O(a) if a>b 


where K, is a modified Hankel function. 
For reflection of radio waves of wavelength 100 m from a surface 100 km away, 
a = 40007, and for large b, bK,(b) < (ma/2)*e-* ~ 10-5460, 

If a <b, the multiplier is small, and if a> b, the multiplier is approximately 
e’*. We conclude that the long-period components of the reflector pattern are 
reproduced in the ground pattern all with the same amplitude and phase shift 
e?'*/2h, while the very short-period components do not appear at all. The 
transition between these two types of reproduction occurs where b =a or 
(h2 + k,2)? = 2k, i.e. where the wavelength of the component in the reflector is 
half the transmitter wavelength or the wavelength in the ground reflection is 
equal to the transmitter wavelength. 
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7. THE CORRELOGRAM OF AN IONOSPHERIC PATTERN AND OF THE FIELD 
STRENGTH REFLECTED FROM AN OMNIDIRECTIONAL TRANSMITTER 


‘To find correlograms we derive the average value of the product ¢(xyt) 
x d(x + 4, y + B,t + 7) averaged over x and/or y and/or ¢t, where ¢ is the complex 


conjugate of ¢. 
If y(afr) is the average of d(xyt)d(~a +a, y + 6, t+ 7) and B(afr) is the 


average of A(xyt)A(a + «, y + 6, t +7), then 


on aE [ff faleh 


L(& mf de dy a8! dry 


1 / a / p f , = =/ , 
ie Saye {{ {a B é —é&+4+ 3, yn —Ht+ 5 )Semsee n’) dé dy dé’ dy’. 


If we substitute §=rcos?—tu, & =rcos#+ hu, 7 =rsin#d — jv, 
, OF 1 z 
n =rsin 6 + 3, 


y(aBr) ~ 7: “lI? (w+ ca -y fe 7)e —2ikr(u cos 6+ sin 6)(h? +r?) — 


k? h? 


| 
| 


\ Fo(2k(w? + v®)!) ier ae 
7) ~2h2(u2 v8) du dv if kh 1. 


A better approximation might be obtained by using (h? - 


place of h? here. 
If B(xyt) = > a,d,e***v—, then 


i (hg this —0, 7) J o(2k(u2 + v2)3) 
salle" etka + Be) _ du dv 


/2)3 \, dr d0 du dv 


OQ 
ma 
) 


‘ - 
“~ 


+ £(w? + v?)) in 


u2 + y2 


| 


if 44 >h? +k? 
if 4h <he2 +k 
(see Watson, 1944, 13.4, and 13.53, 6). 


If 4h? + uw? + v? is used in place of 4h? in this last integral, the multiplier is 


21,(4kh)K o(2h(h,2 + k,?)*) in the second case. 
To the order of the approximations used in our integrals all ionospheric 


periodicities less than half the radio wavelength do not appear on the ground 
correlogram, and those larger but ee to the radio wavelength are attenuated. 


If we write k = 27/d and (h,? + k,?)' = 27/A,, then 
(4k? — h,? — k,?)/4k? = 1 — ?/4A,?. 


If a correlogram is harmonically analysed, then the amplitudes of its harmonic 
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components are proportional to the squares of the amplitudes of the harmonic 
components in the original function. Hence the attenuation factor for the harmonic 
components of the ionosphere pattern to the ground pattern is (1 — A?/44,?)*. 
This agrees approximately with the envelope of the transform scaling factor 


computed earlier in this paper. 


8. UnirorM TURBULENCE IN A DRIFTING [ONOSPHERE 
As an example of the foregoing analysis, we derive the ground correlogram 


from the correlogram of the ionosphere. 
Suppose the scale of turbulence is o for distance and 7 for time, then the 


correlogram for the ionosphere is 


[(a—vt)? + y?]/207 —t?/2T? 


p(xyt) =e 
where the ionosphere has a steady drift velocity v along the 2 axis. 
The Fourier transform of p is 


p(ayt ) (277) 8\ffe i(ha + ky + ot) dh dk dal fe —[(x—vt)? +-y?]/20? — 17/2 T? pilhe +ky + wt) dx dy dt 


aT aay he eee ee B+ TM o+hy 2 dh dk dw. 
The correlogram for the signal reflected to the ground from a transmitter of 
wave number k, is then 
ee PR er “he /? + ky |? +a 522 +- ke?) + TX + hv)2V/5 
p(xyt) = ko® T (27)-*!74 | fe MOOR EE Tg Oe Te ee eee 
x (4k,? — h? — k?)/ dh dk dw/4k,? 
which on integrating w.r.t. @, 


; K(o?, 2m)e gaol | * i(h(x/2 vt) +ky|2)o -a*(h* +h") 2(4k,? iv! h2 : k?) dh dk/4k?. 


Let h zcos 0, k = zsin 0, 
2a (2K 
alas is yo 2 — 9222/9 f'fafo-  edhanci Oalaio Nol 
K (o?/2m)e—©/?? | a6 | e—* * Re —tiaie—stioos 0+ Wik) ein Ci ah Ss _ Me delth? 
J0 J0 


some [ure aus p 
ad a e~ FPF (2[(a/2 — vt)? + y?/4]!)(4k5? — 2?)z dz/4k,? 


where K is a normalizing constant depending on k, and o chosen to make p = 1 
when (x, y, tf) are zero. 
2 Gly RS Ot Boe. > —2k,20? 
= 2k,?07/(2k,70 1 +e 07) 


If the radio wavelength is small compared with the scale of turbulence (i.e. 
kyo is large), the integral becomes WEBER’S exponential integral giving a ground 
correlogram 

e—l(a/2—vt)* + y?/4]/20° — 0/27? 


p(xyt) = 


which is the same as that for the ionosphere except that the distances have been 


increased by a scale of 2. 
If the radio wavelength is long compared with the scale of turbulence (i.e. 
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. 9272/6 . . . 
kyo is small), then we replace e~°*” by unity over the range of integration. 
The ground correlogram is then 


playt) = e~ PPT 27 4(2ko((x/2 — vt)® + y?/4)*)/ko?((a/2 — vt)? + y?/4). 


Here the Gaussian decay with time is unaffected by the wavelength used, but p 
is oscillatory for large x and ¢ with a period / in space and A/2v in time. 

The integral has not been evaluated for intermediate values of kyo, but it is 
expected that the resultant correlogram when the wavelength and scale of turbu- 
lence are comparable would combine the ionospheric pattern with an oscillatory 
effect due to the wavelength used. Any process used to estimate scale of turbulence 
must first eliminate the effect of the wavelength used in all cases where the scale 
of turbulence is not much larger than the wavelength used. 

This Gaussian type of decay has not been observed in any of the several iono- 
spheric correlograms calculated, the decay being much more gradual with time. 

To check the decay of correlation with distance, BurTT’s group at Lower 
Hutt arranged three radio receivers in line, and the signals picked up by normal 
E-layer reflection at 24 Mc/sec were recorded photographically. Two of the 
aerials were fixed 300 ft apart in a N-S line and the third was placed at four 
positions along this line, and 2-min records were taken simultaneously of the 
diffraction pattern at each of the three receivers. This was carried out in mid- 
morning on a fine day in the southern summer. 

To avoid the labour of computing correlograms, corresponding peaks and 
troughs were marked on the records and the variance of the time differences 
between corresponding peaks on two records was calculated and compared with 
the receiver spacing in Table 1. 


Table 1 





| Receiver spacing | Number of Variances 


Record (ft) readings (sec?) 


100, 200, 300 é 0-0184, 0-0284, 0-0403 
150, 300, 450 0-0268, 0-0563, 0-0983 
300, 375, 675 0-0700, 0-:0497, 0-1037 
300, 527, 827 0-0412, 0-:0448, 0-0738 





A plot of log variance of time difference on two records against log spacing of 
receivers has a gradient of 0:77 (SD = 0-14). These variances contain both the 
fluctuations between records and a reading error due to inaccuracies of marking 
peaks and troughs, even when they are identical in shape, and reading the time 
differences. The second source of variance is probably constant and provides a 
term of about 0-01 sec?, which being independent of the other causes of variance 
should be subtracted to give the residual variance between receivers. If this is 
done, the residues will vary as a power of r which is greater than 0-77 and may be 


as high as 1. 


293 








J. E. DrumMMOND 


As a check on this experiment, some “‘wind”’ records from Lower Hutt were 
used. Here three receivers are spaced in a triangle with sides in the ratio 1 : 1 : 2}, 
the longer side being inclined at 45° to the other sides. If we assume that any 
directional effect is masked by varying “‘wind” directions over a month, we may 
compute the distance effect on variance as above. 

Assuming that the variance of time differences is proportional to r” where r 
is the receiver spacing, we found from the June 1953 records that n = 1-04 + 0-17 
and from the July 1953 records that n = 0-79 + 0-14 for r between 300 and 
424 ft, in reasonable agreement with our result for 7 between 100 and 827 ft. 

In the equilibrium theory of turbulence as treated by BATCHELOR (1953) for 
high Reynolds numbers, the velocity variance between points distant 7 apart, 





lu(a + r,t) — u(x, t)|? = B(er)?3, where r lies between two values. The turbulence 
observed by this radio method in the ionosphere can be fitted to a similar sort of 
power law for distance, the higher power of 7 observed being explained by the fact 
that we cannot see processes less than a radio wavelength long. 

The effect of using a finite wavelength to illuminate the ionosphere is that no 
wavelengths less than //sin « appear in the ground pattern where / is the radio 
wavelength and « is the semi-aperture of the transmitter-receiver aerial system, 
so that the expression for the variance of time differences in ionospheric records 
would be of the form 


a 


27 sin «/A 


ae sin yr 4272 \3 
const 78 (1 Pe “\(1 =r . dy (BATCHELOR, 1953, p. 123) 


Jo yr 7 sin? & 

where the last term in the integrand is the attenuation factor computed pre- 
viously. This integral behaves like r? for small values of 7/A and like r?/* for large 
values of r/Z, while our experimental results pertain to intermediate values of r/A, 
4/27 being approximately 175 ft for our apparatus; on the present site it was 
impossible to increase r beyond 827 ft. 
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Abstract—The problem of ionic equilibrium in the atmosphere is reviewed and an explanation 
suggested for the equilibrium formula which involves the square root of the nucleus concentration. 
A method of estimating the combination coefficients of charged and uncharged nuclei by means of the 
Smoluchowski and Whipple formulae is given. The limits of validity of certain approximations in 
equilibrium formulae are discussed. 


In the first part of this paper the problem of the equilibrium of ionization in 
air containing nuclei is reviewed in the light of recent work by Hot and 
MUHLEISEN (1955). In the second part expressions for the combination coefficients 
of charged and uncharged nuclei are derived. 

The equilibrium equation for small ions was written in the following form 
by Notan, BoyLan, and DE Sacuy (1925): 


q =an? + ynonN, + ynN (1) 


If the ratio N/n is large, the equilibrium equation for large ions gives 7,V, = JN. 


It is convenient to put 7/y7) =N,/N =/1 and Z/N =(N, + 2N)/N =1 +2 
so that q =an* + 2nnN (2 
and q =an? + bnZ (E 

where b = 2ln,/(l + 2) (4) 


When Z is much larger than n an approximate form of equation (3) may be used: 
q =bnZ. Nowan and DE Sacuy (1927) extended these equations by making a 
distinction between the n’s and y’s for positive and negative small ions. In the 
following discussion we shall neglect this distinction. 

In experiments with room air these formulae appeared satisfactory. With 
nuclei decaying in a closed vessel, however, it was found that the coefficient 5 
varied as Z~1/2, Accordingly Notan (1929) proposed the empirical equation: 


q =an? + (nZ?2, (5) 


Although the measurements of n and Z made at Glencree from 1928 to 1932 
showed better agreement with (5) than with (3) it was obvious that the square- 
root formula was inadequate. Actually a formula of the type nZ'/4 = constant 
was indicated by the results. Wricut (1935) found that for conditions of equal 
visibility a formula nZ/5> = constant gave the best representation of his observa- 
tions of small ions and nuclei at Eskdalemuir. 

The equilibrium of small ions and nuclei in a closed vessel was investigated 
by Noxan and Gar (1944) using SchwerpLeR’s Method I. They established 
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the validity for equilibrium conditions of equation g = «n? + bnZ and found 
values of b between 4:0 x 10-® and 9-0 x 10-6 cm/sec. The larger values were 
obtained with nuclei which had been enclosed for two days and which had grown 
by coagulation. No~an and Kennan (1949) determined equilibrium values of 
Z/N, for nuclei of various sizes. NoLtan and Donerty (1950) made simultaneous 
measurements of Z/N, and of the radius of atmospheric nuclei and found that 
the fraction of charged nuclei was much smaller than the equilibrium value. 
Indications of this lack of equilibrium in Dublin air had previously been obtained 
by Notan and Dertenan (1948). An examination of the effect of this lack of 
equilibrium on the equations shows that while the equation (3) involving Z may 
hold approximately over a certain range of nucleus size, equation (2) involving 
N may be seriously in error. BuRKE and Nouan (1950) have found that conditions 
which favour the accumulation of nuclei near the ground also favour the accumu- 
lation of radioactive carriers, and that consequently g may vary with Z. 

To summarize we may state: 

1. Equation (3) has been established for equilibrium conditions. 

2. The parameters 7», 7, ) and / may have a wide range of variation depending 
on the variation of nuclear size. 

3. When the nuclei come under observation a state of equilibrium with small 
ions may not have been reached. 

4. The equilibrium problem is complicated by the fact that the radioactive 
content of the lower layers of the atmosphere increases with the nucleus content. 

The square-root formula has been revived by Hotit and MUtHLeIseN, who 
found that their measurements of n and Z could be represented by the formula 
nZ* —=constant where x = 1/2-3. They interpreted this result as follows. The 
coefficient b is taken as being directly proportional to r the nuclear radius. From 
JUNGE’s distribution function it is to be found that r oc Z-/*, These two relations 
applied to the formula g =bnZ give q <nZ?. We now proceed to bring 
forward an alternative interpretation of the square-root formula. 


VARIATION OF COEFFICIENT b wiTH NUCLEAR RaDIuUS 

We first examine how the coefficient b depends on the radius of the nucleus. 
From equation (4) it may be seen that this involves an examination of the varia- 
tion with radius of the two parameters 7, and /. In this investigation we shall 
confine our attention to radii between 1 x 10-§ and 4 x 10-*cm. By so doing 
we avoid the complication of double-charging which begins at a radius of about 
4 x 10-®cm. We also almost cover the normal atmospheric size range. Four 
methods of obtaining the desired relations will be discussed and in three of them 
we require the Whipple formula 7 —n,. = 47ew which gives 


nHo(l — 1) = 47ew (6) 
where « is the electronic charge and w the small-ion mobility. 


Nolan and Kennan 


Applying equation (6) to the values of / obtained by No~an and Kennan 
we obtain the variation of 7) with the radius. Equation (4) then gives us the 
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variation of 6 with the radius. We thus find in the range indicated 4, « r'77 
and 6 « ri°8, 


Boltzmann Distribution Law: 


From the Boltzmann Law we can deduce (1955) for nuclei with one charge: 
2 
| = ¢ BET | 

By means of equations (6) and (4) values of 7, and } for various values of the 
radius can be computed. In order to compare with our other derivations we 
express the relations in the forms 7, «< 1“, b cr’. The Boltzmann formula gives 
considerable change of uw and v with the radius. For the range 2 « 10-® to 
3 x 10-6 cm the values are wu = 1-71 and v = 1-26. 


Junge 

JUNGE (1954) considers that the simple formula , = 4dr is satisfactory, 
where d is the diffusion coefficient of the small ion. Using the Whipple formula 
he obtains: 
n dr + we pa 


l = as 7 
No dr dr 


He evaluates we/d by inserting experimental values of w and d. There is so much 
uncertainty about these values that we consider it preferable to use the well- 
established formula w/ed = 1/kT’ = 2-5 x 101% (for temperature 16-8°C) Thus 


5:67 10-6 
~=1+- edo . Taking n) « r and equation (4) we get b a r%78, 
r 


Bricard 


From Bricarp’s paper on ionic equilibrium (1948) we deduce that 7, oc r°° andb oc 
r955 in the size range with which we are dealing. Bricarp’s figures do not 
agree with the Whipple formula; they give y)(/ — 0-75) = constant. 

For the coefficient w in the relation y) « r“ we have obtained by the four 
methods of approach the values 1-77, 1-71, 1-00, and 0-80. For the coefficient 
v in the relation }b oc r” we have obtained the values 1-36, 1:26, 0-76, and 0°55. 


RELATION BETWEEN Z AND r 


Experiments on the decay of nuclei in a large closed vessel indicate that 
during coagulation the total volume of the nuclei remains approximately con- 
stant. The slight decrease in volume actually observed can be accounted for by 
diffusion loss at the boundary (NoLAN and KuFFEL, 1955). This process of growth 
by coagulation may occur in the atmosphere if for example a large air mass 
polluted in a city is carried away to the country. If the air mass is sufficiently 
large for diffusion losses at the boundary to be negligible, and if there is no mixing, 
the formula Zr? = constant may apply. 

If r oc Z-'3 and b or’ then b « Z~"*, Equation bnZ = cnZ* gives b x Z*~! 
so that x =1-5. 


If we take v = 1:36 we obtain the square-root formula approximately. We 
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consider that this treatment gives a satisfactory explanation of the original 
decay experiments in a closed vessel (1929). This relation will apply to the atmo- 
sphere only under the conditions specified. It cannot apply for example when 
there is a temperature inversion and the nuclei are retained near the source. 
The Junge and Bricard values of v give values of x of about 0-8. To explain the 
Glencree value x = 0-3 it is necessary to bring into account a variation of q with Z. 

The argument given above will not be seriously disturbed if we include sizes 
larger than 4 x 10-6 cm radius and take multiple charges into account. The 

Table 1. Values of 1 


| 





Radius Experimental BOLTZMANN BRICARD 


x 10-§ em 
10-* em 
10-* em 
10-6 em 





effect will be to increase the value of v for the larger radii. For example with 
the Boltzmann formula the values of v are 1-98, 1-26, 1-09 for ranges 1-2, 2-3, 
3-4 x 10-®em. If we include double charges the value of v for range 2-7 « 10-®§cm 
is 1-36 (1-45 for range 2-3 x 10-® decreasing to 1-25 for range 6-7 x 10~*cm). 

The values of J for the four methods are given in Table 1. It may be noted 
that the experimental values are deduced from equation 2/1 = Z/N, — 1. The 
percentage error in large values of / is consequently large. 


CriticAL Rapit FOR MULTIPLE CHARGES 
The Boltzmann distribution law gives for multiply-charged nuclei: 


N p* 
= <u § Ser 
N . 


where p is the number of unit charges. For the same value of N,/N, the radii 
for p charges are proportional to p?. For radius 3 x 10-&cem the doubly-charged 
nuclei are 2-2°% of the total nuclei and for radii 4 x 10-§, 5 x 10-® the figures 
are 5:-4% end 8-6%. 

JUNGE extends the Whipple formula to the case of like charges on nucleus 
and ion. He thus obtains the critical radius for double charging: r = we/d = 
5-76 x 10-®em. For larger values of p the critical radius will be p — 1 times 
this value. 

From the Boltzmann law and the Whipple formula we obtain the following 


relation for 7» P 
n (« 2rkT — 1) = 4rrew. 


When ¢ is very large, ca. 30 « 10-* cm, this becomes 
2rkT 


No = 47ew. ae 8a dr 


298 





The equilibrium of ionization in the atmosphere and nuclear combination coefficients 


It is interesting to note that Harpsrr’s formula (1935) 


No = Sndr(1 — e-) 
gives 7) =6ndr for large values of the radius and that NoLtan and KENNAN 
found that their results could be reconciled with the Harper formula provided 
the 67 were changed to 127. It may also be noted that the relation 7, « (1 —e- °’), 
c =0-25 x 108 gives ny  r!*" in the ranger =1 x 10-*emtor =4 x 10-%em. 


COMBINATION COEFFICIENTS OF CHARGED AND UNCHARGED NUCLEI 


KENNEDY (1916) found that about half the nuclei derived from a Bunsen 
flame were charged and that the average charge per nucleus varied with experi- 
mental conditions between two and six electronic charges. He measured the 
coagulation coefficient and decided that it was the same whether the nuclei 
were charged or uncharged. The experiments with uncharged nuclei were per- 
formed by passing the air from the Bunsen through an electric field which removed 
all the charged nuclei. Now although at the beginning of the ensuing decay 
experiment there were no charged nuclei present they were formed during the 
course of the experiment by combination of nuclei with ‘“‘natural”’ small ions. An 
examination of the figures enables an estimate of the time constant of this charging 
process to be made. This indicates that during a large portion of the decay the 
charged fraction was small. 

We shall denote the nuclear combination coefficient by f and indicate the 
nuclei involved by suffixes, 0 for uncharged, 1 for positive charge and 2 for negative 
charge. We neglect the subsequent history of the doubly charged nucleus formed 
by a fy, or a fy, combination. Since positive and negative large-ion mobilities 
are equal it is obvious that /,) = fo and f,,; =fos.. The electrical attraction 
between a charged and an uncharged nucleus is unlikely to increase appreciably 
the collision frequency especially if the nuclei are large. We will assume then 
that Poo =f) and note that the error involved in this assumption decreases 
with increasing nuclear size. We shall show later that KENNEDY’s coagulation 
results with charged and uncharged nuclei afford experimental evidence for the 
approximate equality of the two coefficients. 

If we apply the Whipple theory to the collisions between nuclei we obtain 


Pio = Byo + 87 W; By, = By — 87eW (7) 


where W is the large ion mobility. 

Nonawn and KENNAN (1949) made simultaneous measurements of the diffusion 
coefficient D and of the coagulation coefficient y of nuclei derived from hot plati- 
num. They established the validity of SmoLtucHowski’s formula y = 8z7rD. 
Now in these experiments on mixed charged and uncharged nuclei the average 
combination coefficient is shown later to be foo or P19. Consequently we may put: 


Boo = Pio = 2v = 16axrD (8) 


The factor 2 arises from the circumstance that the combination of two nuclei 
results in the loss of one nucleus. 
By means of formulae (7) and (8) we are able to calculate values of the # 
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coefficients for nuclei of different sizes. These are shown in Table 2. The diffusion 
coefficient is obtained from the radius by application of the Millikan form of 
Stoxes’s law. The mobility of the large ion is obtained from the relation 
W =eD/kT. 


Table 2 





6 , 109 7 > 109 ee Saar ae nee 9 
D x 10 Boo X 10 8S7eW x 10 Byz X 10 By, x 10 
em?sec” 1 emsec—1 em3sec—1 emsec”! em®sec1 





The values for radius 0-1 x 10~-® cmare By, =62 X 10-®, 87eW = 1796 Xx 107° 
and £,, = 1:86 x 10-®. For smaller values of the radius fo, is negligible com- 
pared with 87eW and we have f,. =87eW, a formula which corresponds to 
LANGEVIN’S formula for the recombination of small ions « = 47e(w, + wg). 
LANGEVIN’S formula gives a value for « about three times the observed value 
1-4 <x 10-®, and similarly our value of £,, for radius 0-1 x 10~® is obviously too 
large. The theories we have used will not bear extrapolation to such small values 
of the radius. 

It is of interest to note the formula we have obtained for f,, 


> e2 
Buy == l6zrD —_ SzeW = 16z7D ( poe —_ : 


This gives the critical radius for double charging = ¢?/2k7T’ = 2-88 x 10-§ cm 
and the radius of the resultant nucleus = 3-63 x 10-&§cm. The critical radius 
for the doubly charged nucleus formed in this way is then approximately the 
same as the critical radius for the small-ion double-charging process. The Boltz- 
mann law includes multiply charged nuclei produced in both ways but the number 
of doubly charged ions produced by the #,, or fg. process is normally much less 
than the number produced by the 7,, or 4. process. The 7,, coefficient is of the 
order one thousand times the f,, coefficient for the same size nucleus so that 
provided N/n is not very large /,,N,N, will be much smaller than 7,,7,N, 

The curious variation of 6,, with radius may be noted. The value increases 
from zero at 2°88 x 10-®cem to a maximum at 8-0 x 10-® and then decreases. 
With increasing radius the values of the coefficients fo), B12, 61, come together; 
the influence of the charge on the collision frequency decreases as the nuclei 
become larger. 
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RELATION BETWEEN THE COAGULATION COEFFICIENT 
AND THE COMBINATION COEFFICIENTS 


For the coagulation of a mixture of charged and uncharged nuclei when 
Z=N,+N, + Nz we may write: 
94,72 — y 2 7 2 1a ee re T NW 9 T NW L 9p T WT 
2yZ® = BooNo® + BuNy? + BooN 2? + 2ByoNiNo + 2BooN2No + 2812N No. 
Putting N, = N, =N, Buy = Bee, Bio =Boq and applying relation £,, + B12 
= 2815 we get 
Wy Z2 —fB.N2 g NN 48..N2 
2yZ? = BooNo? + 4BioNNo + 421% 
giving, if we assume fj) = foo; 
WwW F2 — rT 1 9N)2 
2yZ? = Boo(No + 2N)?. 
Thus the coagulation coefficient for the mixture of charged and uncharged nuclei 
is the same as for uncharged nuclei alone. It is true that in KENNEDY’s experi- 
ment multiply charged nuclei were present. Nevertheless we consider that this 
result affords support for the hypothesis that 5, and 6,) are nearly equal. 


VALIDITY OF APPROXIMATION IN EQUILIBRIUM EQUATION 


Having obtained an estimate of the magnitude of the coefficient $,, we are 
now able to discuss an important aspect of equilibrium equations (1) and (2). 
The equation for positive large ions is 
AN ,/dt = Hor No — Hat2N, — By2N V2 
With equilibrium, omitting distinction of sign of ions: 
ynN =nonNo — Bi2N? 
ion No ae ByoN (9) 
No N Yo 
In the previous treatment we have assumed that /,,N/n on is negligible compared 
with N,/N. We now examine the validity of this procedure. 


Table 3 





rx 10 By. x 10° No x 10° By. x 10° Bi2N 


Scaan—l1 
pee No Ioh 


em emsec1 em* 


0-23 
0-12 
0-08 
0-06 





In Table 3 we have inserted values of £,. from Table 2 and values of 7, from 
Nouan and Kennan (1949). Taking ¢ = 10 and Z = 25,000 we estimate values 
of N/n which give the figures for 6,,N/n 9n in the last column. Since the values 
of N,/N from which these must be subtracted to give 7/7) are 9-5, 3-4, 2-2 and 
1-74, it is seen that the “corrections” are of the order 4%. From the approximate 
formula g¢ = bnZ it may be seen that for a given q the value of N/n is proportional 
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to Z*. Hence if Z = 100,000 the corrections are of the order 60% and the equation 
n/No = N,o/N is not valid. ‘ 

Noian and KenNAN made 74 simultaneous measurements of Z/N, and of 
the radius. We have examined their results to ascertain the error involved in 
deducing 7/7) from the measured V,/N. The median value of Z was 14,000, in 
51 experiments Z was less than 25,000 and in only 10 experiments was Z greater 
than 35,000. We conclude that the error involved in deducing 7/7) is less than 
the experimental error. (It must be admitted that in two experiments with 
Z = 100,000 and Z = 70,000 there is no evidence of the large differences between 
N,/N and 9/79 indicated by our theory). 

We obtain equation (9) in another form if we eliminate n by means of the 
approximate form of equation (2) 


Ne - ( 


2 
: { + Fis ya) (10) 
N No 


q / 
It might be argued that the fact that N,/N in Dublin air is found to be larger 
than expected is not caused by lack of equilibrium but is to be explained by 
equations (9) or (10) From the Table given by NoLtan and DoHERTY showing 
the variations of Z/N, with Z in atmospheric air we select two cases. For Z = 
50,000 the measured value of V,/N was 8-0 and the equilibrium value of NoLan 
and KENNAN was 2:3. As we have seen, this equilibrium value can be taken as 
equal to 7/7. Application of equation (10) gives Ny/N = 2-3 x 1-03 = 2-4. 
This calculation shows that there exists undoubtedly lack of charge equilibrium. 
A similar conclusion can be drawn from the rest of the Dublin observations 
except those taken during fog and temperature inversion conditions. The con- 
centration is then very large and the size of the nuclei is also larger than normal. 
For Z = 120,000 the measured value of No/N was 2-5. Application of equation 
(10) gives in this case V,/N =1-7 x 1-5 = 2-55. Apparently under these con- 
ditions equilibrium charge distribution was present with Z/N, =1-:8 and a 
value Z/N, = 2-2 to be expected if the NV? term in equation (10) were neglected. 

When Z is very large, equations (1), (2) and (3) are not legitimate approxima- 
tions. Equation (2) for example becomes: 

q =an? + 2ynnN + f,,N? 

Using our values of (,, for the range 1 x 10-*cm to 4 x 10-8 cm we find that 
the term £,.N? is about 0-4, that is 4 per cent of the normal value of qg, for Z = 
40,000. The «xn? term is usually omitted when nuclei are plentiful. It is of interest 
to insert here a similar calculation for the lower limit of Z for this approximation. 
If « =1-4 x 10-® the term an? is 0-4 for n = 535 and we estimate that this 
corresponds to nucleus concentrations 40,000, 15,000, 9,000 and 6,000 for radii 
1, 2, 3, 4 x 10-®cm. Hence the approximate formula q = 2nnN is applicable 


with less than a 4% error only over a range from Z = 10,000 to Z = 40,000 
for ordinary atmospheric nuclei. 


Acknowledgement—The author is indebted to Dr. E. F. Fany, who suggested 
the application of the Boltzmann law to the equilibrium of charges on nuclei. 
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Abstract—This paper discusses the convective diffusion which JoHNsoN and HuLBurRT showed could 
take place across the geomagnetic field in the F region near the equator. It is shown that the convective 
diffusion will increase any irregularities which may be present. The usual formula for the conductivity 
is found to be inappropriate when diffusion is involved. The convective motion is regarded as that of a 
gravity-driven dynamo and its speed is controlled by the current flowing along the lines of force into 
lower levels of the ionosphere. The speed is found to be inversely proportional to the east-west scale 
of the irregularities, and for a scale of 100 metres may be a few metres/sec. 


1. INTRODUCTION 

In the F region, because the collision frequency for positive ions is much smaller 
than their gyrofrequency, diffusion of the ions across the magnetic field is very 
slow. Then, since the forces acting on the ionization, namely gravity and the 
partial pressure gradient, are nearly vertical, it is at first sight expected that near 
the geomagnetic equator diffusion will be unimportant; the ionization should be 
supported by the electromagnetic force. It was realised by JoHNSON and HULBURT 
(1950) and Jonnson (1950), however, that this situation is unstable and that a 
convective motion of the ionization must occur. They suppose that some irregu- 
larities exist in the ionization density and show that the currents required to 
support them against gravity will tend to build up space charge. The resulting 
electric field causes a drift of the ionization, which is downwards in the region of 
excess density. Two properties of the motion follow from this: (i) Since the mean 
gradient of the ionization density is upwards in the observable part of a layer, a 
downward motion increases the density at a fixed point, and so the irregularities 
are amplified. (ii) The motion produces a nett downward transport of ionization. 

Hvrpvrt and JOHNSON point out that the current required to balance a pressure 
gradient does not set up space charge, so that diffusion under a pressure gradient 
is completely prevented by the magnetic field. Although they say that diffusion 
under gravity is unaffected by the field, it is of course modified by having to take 
a convectional form. It will be shown here that the velocity of diffusion is controlled 
by the flow of electric current down the lines of force into lower levels of the 
ionosphere where the collision frequency is greater. This side of the problem was 
not discussed by HuLBurtT and JOHNSON, and is the main subject of this paper, 
but a little further clarification of their discussion will be given first. 


2. HULBURT AND JOHNSON’S PHENOMENON 


In the F region the conductivity is large and it is well known from the study of 
cosmic electrodynamics that then the magnetic field may be regarded as moving 
with the ionization. In the ionosphere, furthermore, the field is strong in the sense 
that the magnetic pressure H?/8z is much larger than the kinetic pressure of the 
ionization; it then follows that the disturbance in the field must be small compared 
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with the unperturbed field. In particular, the lines of force cannot be appreciably 
bent. In the present problem the motion is perpendicular to the field and it then 
follows that the velocity is constant on a line of force, if the field is taken to be 
uniform. Then, although the small initial irregularities in the density of ionization 
may have any form, the irregularities generated by the motion are also constant 
on a line of force. Thus, with HutBurt and JOHNSON’s approximations the 
problem is twodimensional, all quantities being constant on a line of force. 

For the purpose of a simple demonstration of the instability in physical terms, 
consider the simplest motion which will not disturb the field: consider a circular 
cylinder with its axis parallel to the field, and suppose that the only motion 


Fig. 1. A convective motion. 


allowed is a uniform rotation of the cylinder. It is well known that such a system is 
unstable if the centre of gravity of the cylinder is above its axis; here the centre 
of gravity refers to the charged particles only, and they are assumed to be free 
to move independently of the neutral particles. Instability therefore occurs for 
some cylinder, whenever the electron density increases upwards. The form of 
the actual motion will be more complicated, but is probably of the convective 
type shown in Fig. 1, the regions of excess density being those of downward 
motion. 

Since the magnetic field moves with the velocity U of the charged particles and 
is taken to be uniform, the condition that the field should not change requires that 
the area enclosed by any curve moving with velocity U should not change or 


div U =0 (1) 
Then, if the loss of ionization is omitted, the rate of change of the electron 


density .V, is given by 
ON,/ct = —(U.V) N, (2) 


which implies that, if we follow a lump of ionization through the motion, NV, 
remains constant. The regions of high density tend to fall and so reduce the mean 
value of the upward component of VN,, but the rate of loss of ionization probably 
decreases with height (RATCLIFFE, SCHMERLING, SeTTY, and THomas, 1956), in 
which case the loss tends to re-establish the upward gradient. 


3. THREEDIMENSIONAL FORMULATION 


It has been pointed out that the twodimensional model is not really adequate 
and that the flow of current down the lines of force to lower levels is important. 
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For readers who are familiar with the idea of the motion of the field, it may be said 
that the motion of the field and ionization at low levels is resisted by collisions 
with neutral particles and this bends the field slightly. The bending opposes 
the motion at the high level. 

The same result can be seen by considering the system as an electrical machine. 
Consider again a cylinder at the high level, with its centre of gravity above the 
axis. It may be regarded as a gravity-driven unipolar inductor, generating an 
e.m.f. between its axis and its outer surface. This drives a current down the lines 
of force, which are analogous to a coaxial cable, as shown in Fig. 2. With increasing 
depth in the atmosphere the resistivity parallel to the field increases while that 








Fig. 2. The flow of current along and across the lines of force. 


across the field decreases, so that the performance of the cable deteriorates. The 
effective resistance of this ‘‘cable” determines the electric field and this determines 
the speed of the motion. This approach is developed mathematically here, but it is 
first necessary to discuss the values of the conductivity appropriate to various 
conditions; although the theory of the conductivity is well known, it is not 
obvious what value to use for the internal resistance of the ‘““dynamo.”’ 


4. THE CONDUCTIVITY 
The basic equations determining the conductivity of a weakly ionized gas of 
one constituent are 
m,v,(U, —U,) =e(E+U,+ Hc) 


p Dp 


and 
m,v,(U, — U,) = —e(E + U, » H]c) 


where the suffices n, p, and e refer to neutral molecules, positive ions and electrons 
and », and y, are the frequencies of collisions with neutral molecules. The result 


of eliminating U,, from (3) and (4) may be written 


p p 


mv, — as \H (* v,U, + m,v,U, 


Ba ee 
99 


MV, + M,, 


~ A Hic 5 
Nec MV, + M,y, (6) 


where o, is the conductivity in the absence of a magnetic field and the densities 
of positive ions and electrons are taken to be equal and are denoted by N,. The 
second term is the Hall electric field. The last term is a field induced by the motion 
of the charged particles in which the velocities of the electrons and positive ions 
are weighted with their collision frequencies as well as their masses. It is usual, 
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however, to define the induced field as U,, 1 H/c, and in order to obtain an expres- 
sion for the conductivity consistent with this definition use is made of the equation 
obtained by eliminating E from (3) and (4): 

j\H 


U m,v,U. 
wire et =U, + (6) 


MVy + M,P, Nc(m,v, + m,y,) 


When this is substituted into (5) a term proportional to H;j \ H results, and, 
if j is perpendicular to H, this increases the component of E parallel to j and hence 
the work done by the electric field. The physical reason for this is that the force 
density j \ H/c causes the ionization to move relative to the neutral molecules 
and the motion is resisted by collisions, which dissipate energy. When the equation 
is solved for j the solution takes the well-known form involving o, and o, (CowLING, 
1945). 

Here it is necessary to consider what modifications occur, when the pressure 
gradient and gravity are included in equations (3) and (4). The terms containing 
the pressure gradients which then occur in (5) represent a generalized form of 
the thermoelectric field and are negligible; the gravity term is also negligible 
(JOHNSON and HuLBuRT, 1950). Equation (6) becomes. 


N(m,v,U, + m,v,U,) = N,(m,v, + m,y,)U, +f A/c — Vp + ug (6°) 


oes 


which is just the equation determining diffusion. Now it has already been seen 
that in the F region at low geomagnetic latitudes diffusion in the ordinary sense 
is prevented by the magnetic field, although it would be quite fast in the absence 
of a magnetic field. This means that the magnetic force j \ H/e just balances 
the forces of gravity and the pressure gradient, and there is hardly any motion of 
the ionization relative to the neutral molecules. Then (6) is quite incorrect and 
the usual formula for the conductivity must also be wrong. When motion of 
the ionization occurs, the full equation (6’) should be used in conjunction with (5). 
When the collision frequencies are small, however, the collision terms in (6’) may be 
omitted, and in the following this approximation will be made in the F region. 
Equation (6’) then determines the current and equation (5) determines the motion. 
If this is to be expressed physically in terms of internal resistance, the internal 
resistance corresponds to the resistive term j/c, in (5), so that o) is the appropriate 
internal conductivity. 
5. THe SrmpecirieD Move 


The purpose here is to estimate the velocity of the convective motion and a 
model will be used in which only the essential features are retained. The damping 
of the motion depends on currents flowing along lines of force into the lower 
ionosphere. The model will be straightened out, however, so that the magnetic 
field is uniform, and the density of neutral molecules increases with the distance 
from the geomagnetic equator. Cartesian axes will be used with the x axis pointing 
north, the y axis west and the z axis upwards; the geomagnetic equatorial plane 
will be x = 0 and the model will be symmetrical with respect to this plane. The 
model will be divided into two regions: in the ‘““dynamo region,” defined by x < a, 
collisions will be completely neglected and in the “load region,” defined by x > a, 
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the forces of gravity and the pressure gradient will be neglected. This separation 
is artificial, but greatly simplifies the work and should not introduce a serious 
error into the calculated velocity. The value of a is determined roughly by the 
geomagnetic latitude at which a line of force has fallen say 200 km below its 
height at the geomagnetic equator; this is about 10° and hence a ~1000 km. 

The problem is now that of a dynamo driven by a known force and feeding into 
a known load. The force determines the current, the current and load determine 
the voltage and the voltage determines the speed of the dynamo. 

In the dynamo region, since collisions are neglected, (6’) is approximated by 


j Hic =Vp — ug (7) 


where is the mass density of the ionization; it has also been assumed that the 
acceleration of the motion is negligible. It follows that 


jy O} s = ge Cu 


Cy 02 Hey 


and, using div j = 0 and the symmetry with respect to the plane x = 0, 
(8) 


This determines the current flowing from the dynamo region into the load region. 
Next, the electric field is calculated as a multiple of 7, from the properties of the 
load region. 
6. THe Loap ReEaion 
The condition that the field is not appreciably distorted requires curl E = 0 
and we put E = —V¢. In the load region, since gravity and the pressure gradient 
are neglected, (6) and the usual formulae for the conductivities are correct. We 
have 
—a,0¢/ ex (9) 


o, 0¢/ Cy + o,0d/ Cz 


—o0d/ Cy — 0,04] Cz 
and hence 


(10) 


This equation will now be simplified by ruthless approximations, which are 
partially justified by the final result. This shows that the speed of the motion 
is inversely proportional to its scale in the east-west direction. There must of 
course be some lower limit to this scale; for instance it cannot be smaller than 
the radius of the orbits of the positive ions, but this is only ~10 metres. Con- 
sequently, the east-west scale of the convection is likely to be small compared 
with the vertical scale, and it may not be unreasonable to assume that the impor- 
tant term on the right hand side of (10) is o,0¢/¢0y?. The problem is then linear 
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and the Fourier component corresponding to ¢ « cosly will now be discussed. 
Then (10) reduces to 


A+ 


Oe ote 2 
= —o,0%4 (11) 


0x 
which must be solved in conjunction with (9). 

The variation of o, and o, with « depends on the variation of the densities 
N, of electrons and N,, of neutral molecules with x, according to the well-known 
formulae 

oo = N,e?/m,v, (12) 
and 
Y, y 


0, = Ne? | : 


; 13 
mir tO.) + mor F OA) _ 


where Q denotes the gyrofrequency. Now when J, is small enough, so that v, 
is substantially less than Q,, (13) can be approximated by 


a, ~ N,e?r,/m,Q,? (14) 


In this approximation the product ayo, is independent of N,, and, if it is 
further assumed that N, is independent of x, ogo, is independent of x, and the 
solution of (9) and (11) is 


¢@ = A exp [ [ (2) ae + Bexp |] (2) ae (15) 
J \do Fo 


where A and B are arbitrary constants. If this solution were valid for the whole 
of the load region, the boundary condition that ¢ > 0 as 2 — co would require 
A = 0, and this condition will still be approximately correct, if the exponents 
in (15) reach large enough values before the approximation fails. Now », ~ 10r, 
and for atomic oxygen ions m, ~ 3. 104m,, whence the approximation requires o,/09 
to be substantially less than 3. 10-4. The exponents in (15) can then be large only 
if 1-! is considerably less than 1 km. Consequently the use of (15) with A = 0 
is probably rather inaccurate, but nevertheless we proceed to estimate the velocity 
of the convective motion on this basis; since o, is overestimated here, the velocity 
is underestimated. 


7. ESTIMATE OF THE VELOCITY 
Substituting (15) with A = 0 into (9) gives 


je = (oqo,)'¢ (16) 


which together with (8) determines ¢ at the boundary between the dynamo and 
load regions. In the dynamo region the variation of ¢ with x is neglected, because 
6, is large, and hence ¢ is known everywhere. The velocity of the ionization may 
now be determined from (5) in which only the last term is not known. The term 
j/o is negligible and the Hall field contributes a velocity of order g/Q,, which is 
only a few cm/sec and will also be neglected. The speed of the motion is therefore 
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cE/H and the magnitude of its vertical component is clé/H. Using (16), (8), (1 
and (14) it is then 
alg (m, ay ON, 
Q, \m,v,/ N 


p” p’ e 
where 6, represents the variation of V, in the disturbance in the dynamo region; 
it will be assumed that 6N,/.V, is not very small. For atomic oxygen, g/Q,, = 4 cm/ 
3.10-4. If 1-! = 100 metres and a = 1000 km, the speed 


sec and m,v,/m,v, = ; 


is then 7 6N,/N, m/s or 25 6N,/N, km/hr and might be appreciable. 

This calculation requires quite a lot of refinement, but we may conclude that 
the phenomenon proposed by HuLBurt and JOHNSON is likely to be important 
and that a more refined theoretical study would be worth while. Observations 
will not be discussed here, but there should be no difficulty in observing the 
irregularities; the effect on the average properties of the layer is complicated by 


other movements. 
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Abstract—Measurements have been made of the total vertical current reaching the ground during continu- 
ous rain and snow. In rain the current is nearly always positive, in snow negative. When the current is 
related to the potential gradient, the results for rain and snow are represented by two lines which are 
nearly parallel but are quite widely separated. Attempts are made to account for the results and the 
processes of charge separation are discussed. 


1. INTRODUCTION 


ALTHOUGH the general electrical structure of the typical thunder cloud (cumulo- 
nimbus) can now be regarded as quite well established, with a lower negative 
and upper positive charge and a more concentrated positive charge in the base, 
surprisingly little is known about the more frequent cloud which gives continuous 
rain or snow (nimbo-stratus). It is certain that there are electrical effects connected 
with nimbo-stratus clouds, since the precipitation is charged and the potential 
gradient is often different from that in fine weather; the effects are, however, 
much less pronounced than those associated with cumulo-nimbus clouds. 

Apart from the intrinsic interest of results on charge-separation processes 
in nimbo-stratus clouds, they may also have important repercussions on the 
problem of charge separation in cumulo-nimbus clouds. If it should turn out 
that the main separation of charge is in the same direction (positive upwards 
and negative downwards) in the nimbo-stratus cloud as in the cumulo-nimbus, 
then it is at least possible that it is the same process at work in the two cases 
but to a different degree, and it might be possible to obtain some clue as to the 
nature of the process at work by comparison of the relative effects. On the other 
hand, if it should turn out that the direction of separation of charge is opposite 
in the two types of cloud, then the process at work in the cumulo-nimbus cloud 
must become inappreciable under the conditions of the nimbo-stratus. 

When conditions are steady, the total vertical electrical current must be the 
same at all levels, whether above, inside or below the cloud; this idea was used 
by CHALMERS and LirTTLE (1940) to discuss the currents through a nimbo-stratus 
cloud. Even when conditions are not steady, it is probably correct to use the 
same result if one averages over a number of different clouds at various stages 
of development, and this has been done for thunder clouds by GisH and Warr 
(1950). Inside the cloud, the main part of the electric current must be that 
produced by the separation process and thus the direction of the separation 
process can be obtained from the direction of the total vertical current above 
or below the cloud. 

For the thunder cloud, the direction of the total current has been established 
in three ways: (a) by measurement of the currents brought down to the ground 
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during a storm (SCHONLAND, 1928), (b) by the location of the main charges within 
the cloud (Stmpson and ScraseE, 1937), and (c) by measurement of the currents 
above the cloud (GisH and Warr, 1950). All these agree that the current through 
a thunder cloud brings negative charge downwards. 

For the nimbo-stratus cloud, the methods (b) and (c) could be used only 
with airborne apparatus considerably more sensitive than that used in the thunder- 
cloud measurements; present-day techniques might be adequate for the purpose, 
but no attempt has yet been made to use them. Method (a), however, is applicable 
more readily for the nimbo-stratus cloud than for the cumulo-nimbus, since the 
conditions are steadier and there is no effect of lightning currents. 

The present work describes measurements which have been undertaken to 
measure the total current below nimbo-stratus clouds, for which the electrical 
effects are not very intense. 


2. THE ExposeD PLATE 

During disturbed weather, charge can reach the earth by: (a) lightning, 
(b) precipitation, (c) point discharge, and (d) conduction. For the continuous 
rain cloud, (a) is absent, and if cases are considered only when the potential 
gradient is small, then (c) is also absent, through the correct limit for ‘‘small” 
may be difficult to determine. 

An isolated area of the earth’s surface will receive its share of precipitation 
and conduction currents, so that the measurement of the charge received by 
such an area should give the total charge transfer connected with the cloud if 
the potential gradient is small. At the same time, however, there will be an 
effect of potential gradient changes, since the “‘bound charge’ on the area depends 
on the potential gradient; in order to be able to measure the true conduction 
and precipitation currents, it is necessary to correct for potential gradient changes; 
this can be done by simultaneous measurement of the potential gradient. 

An alternative to the use of a completely exposed plate would be the simul- 
taneous measurement of the rain current and of the conduction current, the latter 
by measuring potential gradient and conductivity. Apart from the difficulty 
of measuring the conductivity during rain, the method of the completely exposed 
receiver has the advantage that it collects all the rain, while the conventional 
method of measuring rain current, with a receiver shielded to eliminate effects 
of potential gradient changes, fails to do so; SCRASE’s (1938) apparatus recorded 
only about half the rain measured by a standard rain-gauge. The rain missed 
by the shielded receiver will contain a large proportion of the smallest drops, 
most easily deflected by the wind, and these drops may be differently charged 
from the larger drops. Also if the exposed plate is covered with earth or turf 
and surrounded by similar ground it closely represents natural conditions and 
effects such as those that may occur from splashing will be as in the natural state. 


3. PREvious RESULTS 


CHALMERS and LirTLE (1947) used the present method of a completely exposed 
plate, but did not measure the potential gradient, and so could not correct for 
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changes of bound charge. The results are thus not comparable with those discussed 
here. 

Simpson’s (1949) measurements of rain current for low potential gradients 
show that when the rain current is zero the potential gradient is positive, about 
400 V/m, while when the potential gradient is zero, the rain current is 
positive. If it can be assumed that Stmpson’s apparatus collects all the rain 
(it collects as much as a standard rain-gauge) and if the effects of secondary 
processes under natural conditions, for example splashing, can be neglected, 
then the only other contribution to the total current could be the conduction 
current, while the potential gradient is so low that there is no point discharge. 
Thus when the potential gradient is between 0 and +400 V/m, both rain and 
conduction currents must bring positive charge down. Unless the conductivity 
during rain is very much greater than in fine weather, the negative conduction 
current could not balance the positive rain current for potential gradients from 
0 to —1000 V/m. Thus Simpson’s results lead to the conclusion that in continuous 
rain with low potential gradients, the current is positive downwards. Results for 
snow were not sufficient for any corresponding conclusion. 


4, APPARATUS 


For the measurement of potential gradient, the agrimeter (CHALMERS, 1953) 
is used; the cover to give zero markings operates for } min every 5 min, 
and it is therefore easy to measure the change of potential gradient during the 
intervals between covering; an hourly calibration is made. 

The exposed plate is circular of area 0-64 m? and is supported on insulators 
standing in sulphur covered with paraffin-wax; the connection to the plate is 
made by coaxial cable which is kept warm at the exposed end to prevent con- 
densation of moisture. The plate is covered with earth and arranged to prevent 
dripping of water; it, is placed as closely as possible in the plane of the earth’s 
surface. The coaxial cable is brought inside the building, and it is found that 
the loss of charge of the plate and cable in 4} min is less than 10° during satis- 
factory working. The cable is connected to a wire which is made to dip into a 
cup of paraffin-wax containing mercury for } min every 5 min, the same time 
as that during which the agrimeter is covered. 

The mercury in the cup is connected to the grid of the amplifier shown in 
Fig. 1. When the wire dips into the cup, a charge @ is placed on the grid, and 
this leaks through R,. The changed potential of the grid causes a changed anode 
current and thus an impulse of charge through C, and G. If the whole of this 
impulse can pass through C, before there is any appreciable leakage of charge 
through R,, then it is easy to see that the charge passing through G is given by: 

CR, 
C,(R, + R,) 
resistance of the valve. The purpose of R, is to avoid any potential being left 
on the collecting plate when the wire is released from the cup; if there were such 
a potential it would produce a current between the bottom of the collecting 
plate and the earth beneath. The correct value of R, is found by trial and error, 


Q, where yw is the amplification factor and R, the anode conductance 
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using a cover over the collecting plate and adjusting R, so that the plate does 
not acquire charge; this eliminates effects of contact potential difference between 
the collecting plate and its surroundings. For convenience in reading the records, 
the galvanometer shunt was adjusted so that the deflection produced on connecting 





.? 240 V 























Fig 1. 

R, = R, = 100kQ 2uF 

R, = 100 mQ ' 0-002 uF 
R, = 27500 


the collecting plate to the amplifier after covering the plate was just equal to 
the agrimeter reading at the time. Corrections for potential gradient changes 
then just involve addition. The actual deflection of the galvanometer is followed 
by an opposite one of about one-quarter the magnitude, caused by the loss of 
charge of the grid. The galvanometer used was critically damped and a relay 
operated with the key connecting the collector to the amplifier so that the galvano- 
meter lamp was alight only during the 3 min of this connection. In addition, 
arrangements were made to calibrate the amplifier and to measure the leakage 
of the collector. 


5. GENERAL RESULTS 

The analysis of the results was confined to periods during which the potential 
gradient remained within the limits of +800 V/m, so as to exclude periods when 
point discharge may have occurred. So as to include only periods of continuous 
precipitation, no account was taken of observations unless the precipitation 
lasted for at least one hour. Corrections were made for changes of potential 
gradient, and all currents of less than } . 10-12 A/m? were reckoned as zero. 

The results for rain covered 1418 4}-min intervals in thirty-eight separate 
periods of rainfall on thirty-one different days. The largest current over a 4}-min 
interval was +70 < 10-1? A/m?. In every period except one, the average current 
over the period was positive, the greatest average value being +13-9 « 10-12 A/m?. 

The analysis according to the sign of the potential gradient gave: 


Current 
0 
Potential 53 
Gradient 268 
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The overall average current was +3-8 x 10-12 A/m? and the average potential 
gradient —176 V/m. 

The results for snow covered 990 44-min intervals in twenty-five separate 
periods of snowfall on seventeen different days. The largest current over a 44-min 
interval was +76 <x 10-! A/m? (positive, although the usual current in snow is 
negative). In every period except one, the average current over the period was 
negative, the greatest average value being —18 x 10-12 A/m?. 

The analysis gave: 

Current 


+ 0 = 
Potential + 45 127 27 
Gradient — 102 114 337. 


e 


The overall average current was —3-5 + 10-1!" A/m? and the average potential 
gradient —57 V/m. 


6. DiscuSSION OF GENERAL RESULTS 


The results show that the total current is positive downwards during rain 
and negative during snow. The direction of the total current shows the direction 
of the resultant separation of charge, so it follows that this must be of opposite 
sign in the two cases. 

For rain, the total current is most often of opposite sign to the potential 
gradient, but for snow it is equally often the same sign. A precipitation current 
of opposite sign to the potential gradient could be accounted for by the process 
of ion capture suggested by WILson (1929), but that cannot be the explanation 
of the present results. Even if a process of ion capture could transfer all the 
upward-moving ions to the precipitation, there would still remain the downward- 
moving ions to carry a total current in the same direction as the potential gradient, 
unless there were a sufficient vertical air current to overcome the downward 
motion. Thus the present result, of a total current in rain usually opposite in 
direction to the potential gradient, could not easily be accounted for by ion capture; 
and, in any case, it would still be necessary to account for the potential gradient. 

Most, perhaps all, of the precipitation concerned in the present investigation 
must have been in the solid state during part of its time in the cloud. Then, if 
there is a process of charge separation connected with solid precipitation in the 
cloud, this will operate in all cases, whether the precipitation reaches the ground 
as snow or whether it first melts. To account for the snow results by a single 
process of charge separation within the cloud, this must be one which brings 
negative charge downwards. Then, to account for the rain results, there must 
be a second separation process of opposite sign and greater magnitude operating 
at or below the melting-point level. 

The present general results could be accounted for differently, if the precipi- 
tation leaves the cloud uncharged and obtains its charge close to the ground. 
Then, since different processes would be operating for snow and for rain, it is 
understandable that the signs might be different. It has been suggested by 
IsrAzL and LAHMEYER (1948) and by SmirH (1955) that the positive charge on 
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rainfall might be due to splashing at the surface of the earth, the corresponding 
negative charge rising and producing a negative potential gradient. A similar 
effect of opposite sign might occur with snow. But measurements of the charges 
on single raindrops and snowflakes (e.g. CHALMERS and PasQuiLy, 1938) have 
shown that the precipitation carries the charge before there is any opportunity 
of splashing. However, the possibility remains that charging occurs by fracture 
or impact near the ground, perhaps in the gusty winds of that region; this is 
supported by the observations of Ketvin (1859) and CHAauvEAv (1900), who 
found occasions during rain when there was a positive potential gradient at 
the top of a tower and negative at the foot, requiring a negative space charge 
in the lowest levels of the atmosphere. 

The general results show, however, that the effects for snow cannot be accounted 
for by a separation process confined to a region near the ground. If we consider 
the case when the potential gradient at the surface is zero and the total current 
is negative, a case which is quite common for snow, then if the snow falls 
uncharged and obtains its negative charge close to the ground, the current in the 
region below the cloud must be carried by a positive charge moving upwards in 
an up-draught. The space charge below the cloud is thus positive and hence the 
potential gradient and the potential with respect to earth at the base of the cloud 
must be negative. On the other hand, above the cloud there must be a current 
bringing negative charge down, and since this can be nothing but a conduction 
current, the potential of the top of the cloud must be positive with respect to 
the ionosphere, which is itself positive with respect to the earth; thus the conditions 
we have considered must lead to a cloud whose top is at a positive potential 
and base negative with respect to earth, a state which could not be maintained 
unless there is a process of charge separation within the cloud. 

The argument above has shown that there must be some charge separation 
within the nimbo-stratus snow cloud, and it is clearly preferable to consider 
only one process of charge separation unless results force us to bring in a second; 
so we shall consider that, for the snow cloud, the main charge separation is in 
the cloud. It is not possible to apply the same sort of argument to discuss whether 
the second process of charge separation that takes place in rainfall can occur 
close to the ground or must occur in the cloud, or might occur at whatever level 
the precipitation melts. 

If we consider the case of precipitation which leaves the cloud as snow but 
melts on the way down, this will be observed as rain, and there is no evidence 
that, under such conditions, the charge is any different from that in rain generally. 
Under such circumstances, the rain separation could not occur in the cloud, 
and so we must assume that this separation occurs in melting or close to the 
ground. 

7. RELATION BETWEEN CURRENT AND POTENTIAL GRADIENT 

Although the measurements were originally designed merely to obtain the 
direction of the total current to the exposed plate, the fact that the potential 
gradient has to be measured at the same time, to correct for changes in bound 
charge, made it possible to investigate the relation between the total current 
and the potential gradient. 
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For rain and for snow separately, the measurements were grouped according 
to the values of the potential gradient in ranges of 100 V/m and the mean values 
of the current were plotted as shown in Fig. 2; the figures close to each point 
denote the number of observations included. 

Statistical methods were used to obtain the best straight line in each case, 


a 12 I(10°*A/m?) 





F(W/m) 


19 


x 





Fig. 2. Relation between vertical current and potential gradient. 
orain, X snow 


and showed that any deviation from linearity is small. If the lines are represented 


by: 
I = —a(F +0) (1) 


where J is the total current and F the potential gradient, then, for rain: 


A/m? 


t= 11-8+1-1 x 10-15 — : 
: 7 V/m 


C = —140 + 30 V/m 


and for snow: 
A/m? 


a =9-2+ 1-8 x 10-15 ——_, 
are V/m 


C = +440 + 70 V/m. 
In computing the standard deviations, account was taken of each individual 
observation, not just of the mean values plotted in Fig. 2. 


The statistical results show that the difference between the values of a is 
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of doubtful significance, while that between the values of C is certainly significant. 
Thus the results for rain and snow are represented by two lines which are nearly 
parallel but are quite widely separated. 

The constant a is of the dimensions of a specific conductivity, and although 
no measurements have yet been made directly of the specific conductivity at 
Durham, its value is probably of the order of 1 to 2 x 10-14 mho/m, i.e. of similar 
magnitude to the constant a. 

Since the total current J is composed of the conduction current 7 and the rain 
current j, and since i = AF, the results obtained can be put in the form: 


j=—(a+ AF +00 
= —b(F +0’). (2) 


This is similar to the result of Stmpson (1949), who found g = —c (F + C”) 
for rain, where q is the charge per unit volume of precipitation, so that j =q. R, 
where F# is the rate of rainfall. For agreement with Stpson’s results, our .con- 
stant 6 should be proportional to R, and the actual value of 6 a mean value; 
since the rate of rainfall was not measured, it is not possible to make a test of this. 

3efore it is of any value to discuss the explanation of these results, it is necessary 
to enquire into the meaning of the different points of Fig. 2. In any one period 
of precipitation, the results are spread over a fairly wide range of potential gradient 
and results for any one value of potential gradient are mean values for a number 
of different periods. Thus Fig. 2 must represent the conditions for some sort 
of average cloud, while the different points on Fig. 2 represent some changes 
of conditions within the period of precipitation, which give rise to changes of 
potential gradients and currents. 

{It may be noted that very few results for rain give negative current, or for 
snow positive, so that the lines in Fig 2 may terminate at the axis J = 0. 


8. Discussion OF RELATION BETWEEN CURRENT 
AND POTENTIAL GRADIENT 


The experimental relations obtained are: 


I=i+j= —a(F +0). (1) 


In order to interpret these, let us consider that the potentials of the ionosphere, 
the top of the cloud and the base of the cloud are X, Y, and Z respectively, the 
earth being considered as at zero potential. Let us now suppose that there are 
conduction currents above, within and below the cloud, each obeying Oxum’s 
law, and with resistance of unit cross-section of R, S, and 7’ respectively. In 
addition to these conduction currents, there must be a charge generating current 
within the cloud, denoted by G@, and the precipitation current, j, below the cloud. 
[t is assumed that there is not appreciable ion capture by the precipitation particles, 
so that j is the same just below the cloud as at the ground. Any effects of space 
charges are neglected and it is assumed that the conditions are steady, so that 
there is the same total vertical current density at all levels. Currents are considered 
positive when bringing positive charge downwards. 
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The conduction current within the cloud is k, and so k + 
all the currents being considered as positive downwards. 





Conduction Other 
currents currents 


Resistance Potential 


Ionosphere X 











Cloud 








Ground 





Above the cloud, 
Within the cloud, 


and below the cloud 


Then (¢+))R+kS +1T =X. 
Since 7 = AF, where F is the potential gradient at the ground and 4 the local 
conductivity there, we get: 
AT "ae 
f=t1+j=- F — +—, 3 


! 


The empirical relation is: J = —a(F +(C) (1) 


and for comparison, it is necessary to have some connection between k and J or F. 
In order that (3) shall be of the same for as (1), it follows that k must be of 


the general form, buh wae (4) 


Since, for snow, the constant C is positive, it follows that the term bS/R must 
be greater than X/R, and so any physical picture which would give b zero in (4) 
cannot fit the facts for snow. 

Various assumptions can be made which can lead to values of & of the form 
(4), and of these the one which gives the most reasonable physical interpretation 


is to put beked (5) 
Since k + G = IJ, this leads to: G = —b. (6) 


This amounts to assuming that, for the ‘“‘average”’ cloud, there is a constant 
rate of separation of charge in the cloud and that the different points in Fig. 2 
represent conditions in which different proportions of this separated charge 
appear in the precipitation. 
This gives: —AT (_, , WS —X 
I =~ |F + —— }.. 
(R +S) \ 1T 


Since, for snow, the process of charge separation brings down a negative 
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charge, G must be negative and b positive. For rain, G would be smaller in magni- 
tude and might be positive or negative. 
If we consider the rain current 7 = I — 1, 


. —-AR+84 T) bS — X 
j=- ee ae (8) 
(R +38) A(kR+8 + T) 
and if we assume for rain that b is zero, this gives 
° , “J 7 X 
j) = —a'(F — F,) where Po=+iR +84) 


F,, is then the fine-weather potential gradient at the earth’s surface, provided 
that S remains the same at the same level, whether the cloud is present or not. 
This gives agreement with Stmpson’s (1949) result for rain current, except that 
Srupson’s formula includes the rate of rainfall in a’ and this does not appear 
here. The assumption that 6 is zero must mean that the two processes of 
charge separation exactly balance out, i.e. the resultant current of charge 
separation in the cloud is zero. 

9. CONCLUSIONS REGARDING CHARGE SEPARATION 

The discussion has shown that there must be a process of charge separation 
in the nimbo-stratus snow cloud which is in the same direction as the main charge 
separation in the cumulo-nimbus cloud, while for the nimbo-stratus rain cloud 
there is a second process, which cannot definitely be assigned to the cloud itself, 
and which overcomes the effect of the snow process. 

In the cumulo-nimbus thunder cloud there are also two processes of charge 
separation, one in the region above the freezing-point level and the other below; 
it would be a remarkable coincidence if there were different processes for the 
different types of cloud but giving the same direction of charge separation and 
operating in the same temperature ranges. So it can be suggested that both the 
processes involved in the nimbo-stratus cloud are the same as those involved 
in the cumulo-nimbus; but, whereas in the cumulo-nimbus thunder cloud the 
upper process is more important than the lower, in the nimbo-stratus rain cloud 
the two processes operate more nearly equally. Then, as the conditions become 
more violent, the upper process becomes more important and so, in such cases 
as that investigated by CHALMERS and LITTLE (1940) with a more violent nimbo- 
stratus cloud, the negative potential gradient has become large enough to give 
point discharge at the ground, and already the total current has probably become 
negative. 

Because, for the nimbo-stratus rain cloud, the two processes involved are 
of opposite sign and of comparable magnitude, it might be suggested that they 
could be converse processes, one being a freezing process, such as the graupel 
production suggested by WorkKMAN and REYNOLDS (1950) and LuepsrR (1951), 
and the other a melting process, as investigated by DINGER and GuNN (1946). 

It is hoped to continue the work, including the measurement of the rate of 
precipitation, in order to investigate how the constants a and C in (1) depend 


upon this rate. 
It would be highly desirable to confirm the results of the present work on the 
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direction of the current through nimbo-stratus clouds by measurement of the 
direction of the potential gradient above the cloud by means of aeroplane flights 
or balloons. It is to be expected that the sign will depend upon whether the 
precipitation reaches the ground as rain or snow. If the charges could be located 
in the cloud, this could give a further confirmation of the present results. 
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The calculation of group velocity in magneto-ionic theory 
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Abstract—It is shown how the magneto-ionic group refractive index jv’ may be calculated as a function 
of the direction of propagation 6 by expressing both these quantities in simple form in terms of a para- 
meter /, which is given a series of values. A similar method gives yw’ as a function of the electron density 
for a fixed value of 8. Whereas most computations of /.’ made up to the present have required electronic 
calculating machines, the simplified formulae given here are suitable for use with a desk calculator. 
Throughout, the effect of collisions in the medium is neglected. 


In recent years the calculation of the group velocity (or equivalently, the group 
refractive index, yu’) of the ionosphere has attracted some attention. The value 
of w’ as a function of the density of ionization is required for computing the 
apparent height of reflection from an ionospheric layer, or the retardation of a 
ray completely penetrating the layer, and enters directly or indirectly into the 
various procedures that have been suggested (WHALE, 1951; SHINN and WHALE, 
1952; Surnn, 1953; Kextso, 1954a, b; BuppEn, 1955; Jackson, 1956) for 
inverting the integral equation giving apparent height of reflection as a function 
of frequency, to obtain the distribution of electron-density with height in the 
ionosphere. 

When the effect of the Earth’s magnetic field is neglected the calculation of py’ 
is trivial, but the inclusion of the field renders «’ a complicated function of 
electron-density, field-strength, frequency and direction of propagation. WHALE 
and STANLEY (1950) have given an extensive account of the variation of the product 
um’ (when yp is the phase refractive index) illustrated by curves drawn for typical 
values of the usual magneto-ionic parameters X = Ne?/egmp?, Y = eB,/mp 
(proportional respectively to the electron density and to the strength of the 
magnetic field) and @ (the angle between the direction of phase propagation and 
the direction of the magnetic field). SHrnn and WHALE (1952) have studied the 
dependence of uw’ on X and Y for one particular value of 6, and recently SHINN 
(1955) has published a table of w’, tabulated essentially* as a function of X, for 
four values of Y and six of 6. Certain functions depending on yp’ have also been 
computed by some of the authors writing on the inversion of the integral equation 
for the distribution of electrons with height in the ionosphere. 

The formula for uw’ used in these calculations involves a differentiation with 
respect to the frequency (p) of the phase-refractive index yw. The result is (SHINN, 
1955) 

{Y,* + 4(1 — X)?Y,?}] 


(1 — w®)(1 — X2)¥,2 = 


i — A — Ba. WE i = 
eens ors 


* The quantity actually tabulated is 103(1 — X)tw’ as a function of (1 — X)? for values of X in the 
range 0 < X < l. 
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where Y; = Y cos 6, Yp = Y sin @ and yw is given by the Appleton-Hartree 
expression 


2X(1 — X 
— (2) 


$= Sy Feet #4 ae — Se ae 


The complexity of these expressions has resulted in most of the computations 
involving uw’, mentioned above, having been performed with electronic-calculating 
machines. Since further calculations of yu’ will probably be needed, for example, 
to adapt the methods of finding the electron distribution in the ionosphere from 
(h’, p) records to different places on the Earth’s surface (with different inclinations 
of the geomagnetic field), it seems worthwhile to give some simplified formulae 
suitable for use in conjunction with a desk calculating-machine. In the present 
note, therefore, we show how a parameter introduced into magneto-ionic theory 
(CLEMMow and MULLALY, 1955) to facilitate the plotting of the phase refractive 
index (mu) as a function of the direction of propagation (9), can also be employed 
to obtain the group refractive index yw’ as a function either of 6, of X or of Y, 
with a reasonable expenditure of computing effort. 

It has been shown elsewhere (CLEMMOW and MuLLALy 1955) that a convenient 
method for plotting the curves, showing ym as a function of the angle of phase 
propagation 9, is to express both these quantities in terms of a parameter 


x 


A=1+-—-—.. 
eel 


Ais a monotonic (either increasing or decreasing) function of # in the range (0, 7/2). 
The two ranges of values of 4 appropriate respectively to the ordinary and the 
extraordinary modes of propagation never overlap. 

For the ordinary mode (with X < 1), 4 increases from —Y when 4 = 0 to 0 
when 6 = rn. 


For the extraordinary mode: 
when X <1, 2 goes from Y when @ = 0, to e when 0 
when X > 1, 4 goes from — Y when 0 = 0, to e when 6 = $n. 
Here 


is 
(4) 


There are also conditions under which propagation is only possible for a restricted range of 
directions, outside which s becomes imaginary after increasing to infinity. Thus when 
0 <1— Y? < X <1, propagation is not possible for angles* 6 < 95, where 


ain* 0, = ( 


Then, as 0 increases from 4) to har, A inereases from 1 to e. 

Again, when X > 1, Y > 1, propagation in the ordinary mode is only possible for angles* 
6 < 5, and as @ increases from 0 to 5, 4 decreases from Y to 1. 
* We are here regarding 6 as a positive angle less than $7. The conditions in other quadrants follow 
by symmetry. 
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From (3) together with (2) we find 


sin? 9 = bie : : cos? § = “* 
eA — Y? eA — Y? 
and the procedure for obtaining yu as a function of 6 is to choose a series of values 
of 4 in the appropriate range and plot the corresponding points (ju, 9) in polar 
co-ordinates, using (5) and (6). We proceed to express the product wy’ in terms 
of the parameter / so that a similar method may be employed. 
By a well-known formula (WHALE and STANLEY, 1950) 


Cu 


- Teo 


where p is the angular frequency. Hence 


(8) 


using (3) and the fact that X = p,?/p?. Now, from (6), 4 satisfies the quadratic 


na? — Yp2d — nY¥,2 =0 (9) 


where 


1) = 1 — X (10) 


and through X and Y this gives 4 as an implicit function of p. Thus we can use 
(9) to find the term ¢//Cp in (8). The result, after some reduction, is 


(11) 


which is a much simpler formula than (1). 
By (3) this may also be written 


py’ —1 A { MS 
(u2 — 1)? — nX | 1+ (A/¥,)?) j 


(1: 


Eliminating § between (6) and (11) gives an explicit expression for w’ in terms 

of A 
,f- s a XA(A? — y?A — XY?) | 
a hae ae er eer 
The procedure for obtaining y’ as a function of 6 is thus to choose a series of 
suitable values for 4 and for each, use (5) to find yw, (6) to find 6, and (11) for p’. 
In applications relating to rays incident vertically on the ionosphere, what is 
usually required is yw’ as a function of X for a fixed value of 6. In this case values 


(13) 
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of 4 are chosen, and then by (9), X may be found from 


AY ,2 
xX=1-- =. 


a 14 
ae a 


and yw is then given by (6) and wp’ by (11). 
If the variation of u’ with Y for given values of X and @ is required, a similar 
method may be employed, Y being given by 


ni 


72 — <a. Z ae 
2 sin? § + 7 cos? 6 


(15) 


Finally if uw’ must be calculated for specified values of X, Y, and 6, the quadratic 
(9) may be solved to give the corresponding value of 2, the two roots corresponding 
to the two modes of propagation. yz’ is then obtained from (11) or (13). 
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Abstract—There are still numerous gaps in knowledge of the conditions under which various atomic 
and molecular spectra of oxygen can be excited. These have a bearing on the interpretation of the 
spectra of the aurora and airglow, and of the light emitted by discharge tubes containing air or oxygen. 
The present notes contain a brief account of some observations on oxygen spectra excited in electrodeless 
discharge and by electron beams. 


1. ELECTRODELESS EXCITATION OF THE SPECTRUM oF O*+ (OTT) 
ATTENTION was called by EmMeLEeus and EmeELEus (1929) to the absence of 
certain multiplets of O II near 4943 A and 4395 A from the spectra of glow dis- 
charges when the electron energy was sufficiently large to produce them. This 
was explained tenatively (EMELEUS, 1934) by the main species in glow discharges 
being the molecule O,, and the process 


O, +e>-0O +4 O* + 2e (1) 


being unlikely to leave the ion O* excited in one of the necessary upper states. 
In the “condensed” discharges used by FowLeER (1926) and others as sources of 
O II, considerable amounts of atomic oxygen (O) would be present, and more 
ready excitation of all states of O* could occur by electron collision with O, and 
possibly also with the unexcited ion O*. Confirmation of this was obtained by 
Feast (1950), who found that the O II multiplets could be excited in an electrode- 
less discharge. Frast’s type of tube can be improved by increasing its length 
and using solenoid excitation which allows greater electron energies to be produced 
in the longitudinal alternating field of the coil carrying the exciting high-frequency 
current (LLEWELLYN JoNES, 1953). The discharge can then be run at lower 
pressure, with a higher degree of dissociation of the oxygen. Using a tube 40 cm 
long and drawing energy from the coil of a 2-5-K VA, 1-Mce/s eddy-current heating 
set, it has been found possible to pass discharges at pressures down to 2. 10-3 mm 
Hg. The O II spectrum was fully developed, and the “missing” multiplets present, 
and readily distinguished from underlying rotational structure of the second 
negative bands of O,*.. 
2. OZONE BaNnDs 

JOHNSON (1924) reported the occurrence of some emission bands in the blue 
and near u.v. of discharges through oxygen which he attributed to ozone (Qs). 
Subsequent investigators (FEAsT, 1950) have pointed out that the bands might 
be part of the second negative system of O,* or diffuse lines of O II. Bands in 
the visible which seem to be identical with those found by JoHNsoN appeared 
in the low-pressure discharge described in Section 1. They were present in addition 
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to the OII lines. This form of discharge is definitely not favourable to the pro- 
duction of ozone (JaNry, 1938; Herman and Herman, 1950). It is interesting 
to note the similarity of JoHNson’s bands to some which have been attributed 
to ionized carbon dioxide (CO,*) (Fox, DurrenpaAck, and BARKER, 1927). 


3. ATMOSPHERIC BANDS 


When the electrodeless discharge (Section 1) is passed through oxygen at 
pressures of about 1mm Hg and higher, its appearance is different near the 
axis and near the wall. This is probably partly due to normal properties of the 
plasma, and partly to the operation of two forms of inductive action of the coil, 
electric and magnetic (LLEWELLYN JoNES, 1953). The atmospheric bands of 
O,(b 1x,* — X 3X,-) in the near infra-red are emitted preferentially from the 
axis of the tube. The OI multiplets near 7771 A and 8446 A are emitted more 
uniformly over the cross-section, with a tendency to enhancement near the wall. 
If the intensity of the OI lines is assumed to give an indication of the local con- 
centration of atoms, the lack of correlation between the intensity of the bands 
and lines shows that the excited molecules in the 61X,*+ state are unlikely to 
have been produced predominantly by recombination of atoms, as proposed by 
BRANSCOMB (1952), at least in this form of discharge. 


4, RELATIVE INTENSITIES OF INFRA-RED OT[ LINgEs 


At all pressures in the electrodeless discharge, the ratio of intensities of the 
O I lines at 7771 A and 8446 A is greater than unity; the same is true in electron 
beam discharges, when conditions are such that excitation occurs by direct 
electron impact on O, (GRIBBON and STEWART, 1956; STEWART, 1955). It has 
however been noticed in the present work that when carbon monoxide is substi- 
tuted for oxygen in a collision box, the intensity ratio is reversed. This suggests 
the possibility that the reversed intensity ratio in aurorae (MEINEL 1951) might 
be due to excitation occurring neither from the oxygen atom (QO) nor the molecule 
(O,), but from some other molecule or excitation process. 


5. Line WiptTH 


In the dissocation process (1) (Section 1), there must be an intermediate stage 
in which an unstable excited molecular ion (O,*’) is formed transitorily. This 
dissociates into the endproducts O and O*, one or both of which may be excited 
and subsequently radiate. Dissociation may be produced into two neutral O 
atoms by a similar sequence without ionization. Processes of these types in 
nitrogen have been studied optically by Stewart (1955), using a Hertz collision 
box containing gas at low pressure. Similar experiments by the present writer 
(GRIBBON 1955) show that excited oxygen atoms may be produced from the 
ground state of the neutral molecule in the same way. 

As the Franck-Condon rule will be approximately valid for formation of 
the intermediate unstable molecule, it is also at once seen that the fragments 
will separate each with kinetic energy that can be of order of 0-5 eV. Hence, if 
the radiation is of electric dipole type, it may be subject to Doppler broadening 
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equivalent to a temperature of order of 5000°K. Estimates of source tempera- 
ture from line width could then be greatly in excess of true source temperatures. 

Some preliminary experiments on line width for some OI lines have been 
made using a Fabry-Perot interferometer crossed with an f/15 Hilger constant devi- 
ation spectrometer. The lines chosen were those of the first member of the 3s°S° — 
np*P multiplet, viz., the three component line at 8446 A. Using 220 V-electron beam 
excitation in a Hertz box through which oxygen was pumped rapidly at a pressure 
of 5. 10-3 mm and examining the line width of the resolved 8446-76-A component 
of the infra-red multiplet, its equivalent temperature was found to be 3800°K. 
It was impossible with this weak source to take a suitable comparison spectrum 
at the same time from which the instrumental line width could be obtained 
directly. Careful consideration of possible errors shows however that the maximum 
error in the effective temperature found is not likely to be greater than +-750°K. 
The intermediate states involved might be of 3%, or *II,, type (MULLIKEN, 1939). 

The 8446-35-A line profile showed slight asymmetry, whose magnitude agreed 
with that calculated from the theoretical separation of the two superimposed 
components (BuNGARTz, 1925), and from their relative intensities (KINGSBURY, 
1955). The resolved 8446-76-A component showed a separation of 0-72 cm-! 
from the asymmetric component, a value in close agreement with the theoretical 
value (EDLEN, 1943). 
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Abstract—In this paper are reported a series of observations of radar echoes from lightning discharges 
detected on a horizontally scanning system. The investigation has comprised the development of a 
practical and convenient method of studying many properties of high-level strokes which heretofore 
have been inaccessible to observation. Descriptions are presented of the methods of observation used, 
consideration being given to the physical, geometrical and meteorological factors involved, and the 
resulting interpretations are explained. A photograph of the echo from a discharge over 100 miles 
in length is shown, as well as many others exhibiting novel or interesting characteristics. 


1. INTRODUCTION 


A NUMBER of investigators have reported observing radar echoes from lightning 
discharges (LigpA, 1950; Browne, 1951; MaRrsHAtLL, 1953; Mines, 1953; Hewrrr, 
1953; Jones, 1954; Ligpa, 1955). The phenomenon is believed to be caused by 
the reflection of the radio energy by the column of highly ionized gas created 
by the main discharge. When the discharge ends recombination of the free 
charges occurs within a few milliseconds and an echo is no longer obtained. 


2. EARLIER OBSERVATIONS 


Since the entire event from leader stroke to recombination usually takes 
place in a few tenths of a second, since the direction of the stroke is unpredictable, 
and also because it is necessary that the radar antenna be pointed directly toward 
the stroke when it occurs, most investigators have made the observation with 
a stationary antenna pointing toward the suspected thunderstorm or area of 
thunderstorms and waiting for a discharge to take place. 

Under such conditions the observation may be made either visually or photo- 
graphically. On the A and & types of radar indicators the echo will appear as 
a sudden, strong signal, a few miles in length, rising from the baseline as shown 
in Fig. 1 (Ligpa, 1950). On PPI and RHI types of indicators the echo will appear 
as a bright spot or short radial line since the antenna (and consequently the scope 
trace) is stationary. Photography of these transient echo signals may be accom- 
plished by: (1) having an observer with a fast reaction time trip the shutter of 
the camera when he sees the echo (Ligpa, 1950); (2) continuously photographing 
the scope with a conventional or special type of movie camera (which may be 
wasteful of film if no stroke occurs for some minutes); or (3) using the echo or 
signal from the stroke to activate the camera shutter or turn on the scope (Liab, 
1950). 


* Contribution from the Department of Oceanography and Meteorology of the Agricultural and 
Mechanical College of Texas, Oceanography and Meteorology Series, No. 67, based on investigations 
conducted for the Texas A & M Research Foundation through the sponsorship of the Geophysics 
Research Directorate of the Air Force Cambridge Research Center, Air Research and Development 
Command, under Contract AF19(604)-573. 
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Mines (1952, 1953) employed an ingenious method of photographing such 
echoes on a PPI scope which avoided excessive consumption of film or use of 
“fast reaction” observers. Directing the antenna of his radar vertically toward 
a thunderstorm which was passing directly over his station, he turned on the 
antenna azimuth drive of his radar. With the antenna directed straight up, 
the co-ordinates of the PPI scope were transformed from azimuth and range, 
to height versus time (relative); height being indicated by distance from the 
centre of the scope, and echo duration being proportional to the angle through 
which the trace rotated while painting the echo. Thus he was able to make very 
accurate determinations of the duration of the echoes and their heights above 
the radar. The appearance of two of his observations is shown in Fig. 2. The 
same technique could of course be used to detect and study other discharges 
than those occurring directly overhead by pointing the antenna toward the storm, 
disconnecting the antenna drive motor, and then allowing the sweep of the PPI 
scope to rotate. The scope co-ordinates would then be slant range and time. 

However, with a stationary beam, discharges cannot be scanned and very 
little can be learned about their paths in space and their general appearance. 
To accomplish this, the antenna must be permitted to scan the volume in which 
the stroke occurs. Since the exact instant and location of a discharge is unpre- 
dictable and antennas are too heavy to permit quick pointing, any observations 
which are obtained will be by chance; the radar beam just happening to be 
scanning the volume in which the discharge has occurred during its few tenths 
of a second of existence. The narrower the beam of the antenna and the slower 
the scanning rate, the smaller will be the chance of detecting the discharge, 
other factors being equal. A more complete consideration of the probabilities 
involved is offered in a later section. 

Rather low probabilities of having the antenna properly oriented notwith- 
standing, MARSHALL (1953) has identified a large number of what to all indications 
were echoes from lightning discharges on a normal RHI presentation. He was 
making a photographic exposure of each cycle of the RHI scope scan (which 
was accomplished every 8 seconds), obtaining many hundreds of consecutive 
pictures. On a number of these he noted what appeared to be bonafide echoes 
but which appeared on one frame of the film, only. This meant the target was 
in the scanned volume for only something less than 8 seconds.* A series of frames 
showing these echoes is given in Fig. 3. The arrow in the middle picture points 
toward an echo which does not appear on the other frames. The bright spots 
which repeat from frame to frame are echoes from the thunderstorm precipitation. 
They do not change perceptibly for several minutes. Since the antenna was 
scanning a vertical plane these RHI pictures show a vertical slice through the 
thunderstorm and lightning discharge. The appearance and height of the lightning 
echoes suggests that high-level, more or less horizontal cloud-to-cloud (C—C) 
or in-cloud (I-C) discharges were being observed so that the echo is produced 

* MARSHALL notes that some of these echoes appear on two successive frames. This is undoubtedly 
the result of persistence of the scope (afterglow) holding a very intense echo long enough for it to be 
photographed on the following scan. A number of these have also been observed by the writer. In 
every case the echo on the later frame is much less intense than that on the first frame. ‘‘Two frame” 
echoes are most likely to be observed when the echo is detected just shortly before the film is advanced 
in the camera. 


330 





LIGHTNING 
ECHO SIGNAL 


SCOPE SATURATION LEVEL 





WEAK LIGHTNING 
OR PRECIPITATION ECHO 


SIGNAL ! f WEAK PRECIPITATION 
ECHO SIGNAL 
ne “a 





INTENSITY 


! ' 
RANGE 60 MILES 62 68 


Fig. 1. R-scope of SCR 615B radar (10 cm) showing lightning echo signal. Four downward 

marks are range marks two miles apart. Note steep edges of lightning signal. Total range 

of scope 8 miles (from 60-68 miles from the radar). Lower drawing identifies features 

shown in photograph. This is the first known radar lightning echo ever purposely 
photographed. (M.I.T., 20 July 1949.) 


Fig. 2. PPI scope photographs (10 cm radar) showing single and paired lightning echoes 

using MiLEs’s method of observation at heights of 26,600, 17,400, and 24,400 feet above 

the radar. The duration of the echoes as indicated by the angle they subtend at the centre 

of the scope is about 0-3sec. (Photographs taken at Salisbury, Southern Rhodesia, 
December (21?), 1951.)* 


* Radar characteristics: Wavelength, 10cm; Pulse Length, 1-9 microseconds; Peak Power, 500 
kw; PRF, 500/sec; Beamwidth, 3 degrees. 
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Fig. 3. A series of three successive RHI scope photographs, the middle one of which 
shows a lightning echo absent on the other two frames. (Photographed by MARSHALL 
(1953) on a vertical scan 10 cm radar, Montreal, Canada, 5 July 1948.) 





Fig. 4. Successive PPI scope photo- 
graphs showing a lightning echo on 
the middle frame; note that it does 
not appear on the preceding and 
following frames. (AN/FPS-—3 23 cm 
radar, Tyndall Air Force Base, 
Florida, 16 May 1955.) Length of 
arrow is 40 nautical miles. In this 
and all following PPI pictures, 


magnetic north is at the top of the 

scope and the pictures may be scaled 

from the arrow length indicated in 
the caption. 




















Fig. 8. 
Representation showing theo- 
retical comparative ‘“‘smear- 
ing”’ of the fine detail of a C-C 
lightning discharge approxi- 
mately 10 miles long at a 
range of 100 miles for a radar 
with a 2° beamwidth and a 
pulse length of 2 micro- 
seconds. Fig. 8(a) shows the 
effect obtained when the long 
axis of the stroke lies on a 
radius to the radar; Fig. 8(b) 
shows what might beexpected 
when the axis is atright angles 
to this position. The photo- 
graph in the inset is an actual 
radarscope picture of such an 
echo detected at a range 
of 120 nautical miles. The 
length of the arrow in the 
picture is 11 nautical miles 
and the echo from the precipi- 
tation has been dotted for 

identification. 





Fig. 9. Lightning echoes associated with isolated storms, believed to be produced by 
C-G strokes. (23-cm radar, Amarillo, Texas, 19, 20 June 1955.) Length of arrow 45 
nautical miles. 


Fig. 10. Arrow points to lightning echo detected in area downwind of main precipitation 

area. (23-cm radar, Amarillo, Texas, 16 June 1955.) All thunderstorms visible on scope 

in this situation were moving very nearly from west to east. Length of arrow 45 nautical 
miles. 
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by what might be considered a long rod stretched across the sky. (Subsequently 
in this paper cloud-to-cloud, cloud-to-ground, and in-cloud discharges will be 
referred to by the symbols, C-C, C—G, and I-C, respectively.) 

To obtain a lightning echo while scanning the horizontal plane is somewhat 
less probable because the area swept by the beam is much larger and accordingly 
cannot be sampled as frequently. There also exists the problem of scanning a 
wide range of altitudes. Precipitation present directly above or beneath the 
discharge will also give a radar echo which will tend to obscure any echoes from 
the stroke. Because of this it is highly improbable that a vertical C-G discharge 
whose path lies entirely in heavy precipitation can be detected with conventional 
microwave radars. Long, horizontal C-C and I-C discharges which have at 
least part of their paths in precipitation-(but not necessarily cloud-) free regions 
are however quite possible to detect. 

Fig. 4 shows such an echo as it appears on a normal PPI scope. Again, the 
arrow in the middle picture points to an echo which does not appear on preceding 
or following frames. Space will not be taken here to demonstrate why this signal 
cannot be ascribed to such factors as equipment malfunction, flaws in film emul- 
sion, nor “‘atmospherics’’. All possible alternative explanations have been care- 
fully explored and subsequently rejected on one basis or another. Supporting 
evidence exists in all cases where checks were made, as surface weather stations 
in the vicinity of these echoes were reporting frequent lightning at corresponding 
times. Visual observations from the radar stations are not available because: 
(1) no attempts were made to obtain them; and (2) in most cases the discharge 
area was probably too distant for visual observation (usually about 100 miles). 


The writer was not at any of the stations when the observations subsequently 
to be described in this paper were made. 


3. THE SouRCcE OF THE LIGHTNING ECHO 


It is known that gaseous ions will vibrate under the influence of an impressed 
electromagnetic field. These vibrations result in the reradiation of electromagnetic 
energy (SKILLING, 1948) at the same frequency as the impressed signal. The 
higher the ion density, the greater will be the amount of energy reradiated. For 
reflection of the signal to occur, certain ion, or free-charge, densities must be 
reached or exceeded for a given frequency. Fig. 5 shows the relationship between 
this critical density and signal frequency, and gives the names of those who 
have reported lightning echoes at several frequencies. It will be noted that 
higher densities are required for reflection of higher frequencies. A familiar 
example of this is the well-known phenomenon of reflection of long radio waves 
by the ionosphere while short wavelengths pass through it and escape to extra- 
terrestrial space. In general, the longer the wavelength, the more efficient will 
be the reflection for a given free charge density; also, the reflectivity from pre- 
cipitation is less at longer wavelengths. 

The ionized column can probably be considered to have a reflecting cross- 
section equal to its projected area on a plane normal to the axis of the radar 
beam. Since all portions of the ionized column, which are within the effective 
limits of the beam and which have a separation in range not exceeding one half 
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of the pulse length, contribute to the power of the echo received at the radar 
at a given instant, it is possible to estimate the effective cross-section presented 
by a hypothetical discharge. Assuming the discharge to have a length of 3 km 
within the boundaries specified above (which corresponds to a discharge at a 
slight angle to a 1° beam at 80 miles) and an ionized column 2 cm in diameter, 
the cross-section presented by such a discharge would be 60 m?. These are probably 
conservative estimates in both dimensions. The average radar cross-section of 





Ligda (1950) 


Browne(1951) 73o™ 


(X band)7 


Peterson and 
Sweeney (1945) 
Ligda (1950) #10cm(S band) _| 
Miles (1952) 
Marshall (1953) 











10* Mc/s 


ao — > 
Fig. 5. Graph showing the critical ion densities required for reradiation for radars of 
varying frequencies. The absorption, dispersion, and polarization factors are ignored. 
From the formula:— 
mo? 


= number of electrons/cc, g = charge on electron, m = mass of electron, and 


where N, 
j@ = angular frequency of the radio wave. 


a B-29-type bomber is about 70 m?*. With modern equipment such a bomber 
can be detected at over 200 miles range. Accordingly, it may be seen that the 
lightning discharge presents an excellent radar target with an extremely long 
detection range which may be primarily limited only by the curvature of the earth. 

Another factor which tends to confirm the theory that the echoes, in spite 
of their gross appearance, are from localized regions of the atmosphere, resides 
in the absence of any detectable attenuation. If a large portion of the beam 
were intercepted, echoes from precipitation detected along the same azimuth 
at greater distances would be reduced in intensity. That this does not happen 
may be readily confirmed by comparing the precipitation echo-signal intensity 
in such regions on successive frames of the film, one of which shows the lightning 
echo. This is illustrated in Fig. 4. 
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4. THE GEOMETRY OF RADAR DETECTION OF LIGHTNING 
A. Height 


With but few exceptions, all investigators who have observed radar echoes 
from lightning have so adjusted their equipment that the source of the echo 
was clearly at high altitude (Liapa, 1950; Mines, 1952; MarsHaty, 1953). 
Although low antenna-elevation-angle settings were employed in the PPI obser- 
vations presented in this discussion, this does not necessarily mean that the 
discharges were at low altitudes. Fig. 6 shows the vertical coverage patterns 
of the two radar types used predominantly for these observations. It will be 
noted that, due to vertical beamwidth, the discharges could well have, and in 
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Fig. 6. Estimated radar coverage diagrams for radars AN/CPS—-6B and AN/FPS-10. 
Contours represent 75% blip-scan ratio for target with scattering cross section of 45 m?. 


all probability did, occur at reasonably high levels. This supposition is 
strengthened by the fact that no long discharges have yet been noted at ranges 
of less than about 40 nautical miles. 


B. Resolution of the Fine Detail 


Most authorities are of the opinion that the diameter of the ionized channel 
through which the lightning discharge takes place is of the order of a few cm 
(Lors, 1948). Estimates range from 2 to 10cm. Lightning discharges observed 
visually appear to be much broader because of their great brilliancy which stimu- 
lates the rods and cones on either side of the image formed on the retina of 
the eye, thus giving a false impression of thickness. Strokes observed in broad 
daylight against a bright background of sky or cloud appear to be much finer 
and are more difficult to see. 

Resolution of fine details of target characteristics by radar is influenced by 
three factors: (1) the angle subtended by the beam at the position of the target, 
(2) the pulse length of the radar, and (3) the reflective properties of the target. 
The radar cannot resolve details of the target which subtend an angle smaller 
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than the effective beamwidth (or are closer together than this angle) or have a 
dimension in range which is less than half the pulse length. Thus, individual 
targets which occupy a volume of space defined by the effective beamwidth and 
half the pulse length, cannot be resolved by the radar. We may consider this 
volume to be shaped like an elliptical disk as shown in Fig. 7. 

Due to the geometry of the PPI scope, all targets detected are presented 
very nearly as they would appear if projected on a horizontal plane. If the radio 
beam is on horizontal scan, a transparent map of proper scale may be super- 
imposed over the PPI scope to determine geographical location of targets detected. 




















Fig. 7. Approximate shape, position and dimensions of echoing volume (region from 
which the echoes from all targets are received at the same instant) of the AN/FPS-3 radar 
at 80 nautical mile range. (Beam limits as defined in Fig. 6.) 


By virtue of horizontal beamwidth and pulse length, a “‘point”’ target will be 
presented on the PPI scope as a short arc, subtending an angle at the centre of 
the scope which is equal to the effective beamwidth or angle which the antenna 
turns through while receiving a detectable echo from the target. The theoretical 
minimum thickness of an echo on the scope in range is one half the pulse length. 
A typical radar such as is used for observations of the kind discussed in this 
paper has a horizontal beamwidth of about 1.5° and a pulse length of about 
600 metres. On a PPI scope of 12” diameter and range setting of 150 miles, the 
echo from a “‘point” target (such as an aircraft) at 100 miles range will have 
theoretical minimum dimensions of -38 « 2:66 mm. However, while the electron 
beam, which brightens the PPI phosphor when a target is detected, can be focused 
about this sharply, the phosphor behaves somewhat like the retina of the eye 
and the above dimensions are “‘smeared”’ to about 1 x 3mm on even the best 
adjusted and carefully focused scopes. The stronger the signal, the greater the 
amount of smearing. 

If the echo from the target is very strong, the size of its echo spot will be 
bigger, just as a bright star appears to be bigger than a faint one. Thus, highly 
reflective aircraft appear as larger targets on PPI scopes than those of equal 
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dimensions which reflect poorly, although both are much smaller than indicated 
by the size of the echo on the PPI scope. Accordingly, the echoes shown in Fig. 
3 could be produced by very small, but highly reflective targets. (The diameter 
of the dots measures about 3/8 miles according to the scale of the scope.) 

Returning to the PPI display, Fig. 8 shows how pulse length (which can be 
ignored) and horizontal beamwidth (which cannot) smear out the fine details 
of a discharge 10 miles long at a range of 100 miles for a radar with a 2° beam- 
width and a pulse length of 2 microseconds. Fig. 8a shows what would happen 
if the long axis of the stroke was lying on a radius to the radar; Fig. 8b shows 
the same stroke as it would be presented if oriented 90° from its former position. 
The stroke is assumed to be a C-C discharge and therefore approximately hori- 
zontal. It can be seen that the effect of beamwidth is to destroy all fine detail 
at this range and make the echo appear to cover much more area than it actually 
does. 


5. Recions oF StorMS WHERE LIGHTNING EcHoES May Bre OBSERVED 


Because heavy precipitation can produce a strong radar echo even at wave- 
lengths of 23 cm, the detection of echoes from lightning in or near areas of very 
heavy precipitation is virtually impossible. Accordingly, while undoubtedly 
many discharges occur in such areas, the discussion which follows is confined 
to those strokes which occur in areas where precipitation echoes are weak, entirely 
absent, or at the edges of strong precipitation echoes. 


A. Cloud-to-Ground Discharges 


Although considerably less numerous (HAGENGUTH, 1951) than C-C discharges, 
more or less vertical C-G discharges command most of our attention because of 
the relative ease with which they can be seen, photographed, and studied by the 
surface observer. Since such discharges usually occur in close conjunction with 
heavy precipitation and may not have appreciable horizontal extent, it may 
be deduced that they are inconspicuous and difficult echoes to detect on the PPI 
scope of a radar. In spite of these limitations, however, a fairly large number 
of echoes which are ascribed to C-G discharges have been noted. Fig. 9 shows 
two fairly typical examples, indicated by the arrows. 

It will be noted that most of these occur in a portion of the storm where 
precipitation was evidently light. Aside from the fact that such conditions are 
well-nigh essential to the detection of the lightning echoes at all, an additional 
bit of information is provided by these photographs. Apparently the light- 
precipitation echo is in many cases produced by, or is closely associated with, 
the anvil top of the cumulonimbus cloud. This conclusion is based upon the manner 
in which the light-precipitation areas were observed to form; that is, after the 
intense echo had grown to about maximum size, the light-precipitation echo 
grew out of the main echo in a high level, downwind direction. In those cases 
where no precipitation echo can be detected there is usually, but not invariably, 
a strong precipitation echo upwind from the lightning echo (Fig. 10). Also, in 
nearly all cases lightning echoes are detected at moderate-to-long ranges. This 
suggests that the beam (which in search radars is normally broad in the vertical 
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plane) is at considerable altitude. C-G lightning discharges are not infrequently 
observed to occur between anvil and ground. 

C-G lightning echoes are almost invariably observed when the associated 
thunderstorm precipitation echoes are large, isolated, and widely scattered. 
From common observations it is suggested that lightning is but rarely observed 
unless some portion of the cloud is glaciated. Foster (1950) has described an 
observation where this was not the case. 


B. Cloud-to-Cloud and In-Cloud Discharges 


Far more spectacular, interesting, and easy to detect on PPI time-lapse film 
are the echoes from what are apparently more-or-less horizontal C-C or I-C dis- 
charges. These exhibit the same general properties as the C-G discharges, i.e.: 
they are visible on just one frame of the sequence (unless the PPI phosphor is 
sufficiently excited so that persistence is strong enough to allow them to be re- 
corded on the following frame); they can be observed only in areas where the 
echo from precipitation is weak or absent, and the lightning echoes are very 
strong. It is deduced that the lightning echoes shown in Fig. 11 are C-C or I-C 
discharges because of their great length. 

Long C-C and I-C lightning discharges probably occur along paths which lie 
through regions of the atmosphere which present relatively low resistance. Accord- 
ingly it is natural to expect that they would be found at high levels where the 
atmosphere is less dense, and in regions of high relative humidity and high liquid- 
water content (ByrERs, 1952), the latter two conditions of course implying the 


presence of clouds. If the path of the discharge lies in clouds, it cannot be observed 
visually nor photographed. Hence the very long discharge, because of the con- 
ditions required for its occurrence, has heretofore been utterly impossible to observe 
directly. One therefore cannot reject the conclusion that these remarkable echoes 
are caused by extended lightning discharges on the grounds that in the long 
history of lightning study and observation, strokes of this length have never 
before been reported. 


(a) Physical location of the discharges 

As mentioned above, one would intuitively expect on the basis of atmospheric 
electrical properties that C-C and I-C discharge would occur only in upper levels 
of the troposphere. There are additional reasons for expecting this to be true. 
For one thing, whatever may be the exact charge generation and separation 
process, two factors, namely, turbulence and freezing, seem to be closely associated 
with the production of lightning. These physical conditions of course are present 
at high levels in midlatitude summer thunderstorms. Also, when lightning is 
observed at night in a distant squall line, the upper parts of clouds seem to be 
illuminated most frequently. When high-potential charge centres develop at 
low levels, it is more likely that the discharge will be between cloud and ground. 

From the radar observations under discussion, there is compelling evidence 
that most lightning echoes are obtained from heights of about 20,000 feet. Ligpa 
(1950), Mmes (1953), Marsa (1953), and others are all in fair agreement on 
this point. It is of interest to note that pilots flying for the Thunderstorm Project 
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Fig. 11. Extended echoes from instability line storm I-C or C-C discharges. All pictures 
printed to the same scale with arrow 27 nautical miles in length. (a) 23-cm radar, Belleville, 
Illinois, 27 May 1955; (b) 23-em radar, Fordland, Missouri, 19 April 1955. Note the 
“‘root-like”’ structure of the echo at its southern end. This short stubby branching in 
a direction opposite to branches in other parts of the echo has been observed several 
times and may indicate regions of high charge concentration. (ce) 23-em radar, Fordland, 
Missouri, 11 October 1954. This is the longest continuous echo yet found. If the lightning 
echo south of the long echo is part of the long discharge (see Fig. 20), this echo is over 
100 statute miles in length. Similar gaps have been noted in other echoes and may be 
significant. (d) Same storm as (c) but from 10-cm radar, Kirksville, Missouri, 11 October 
1954. Note weaker lightning echo relative to precipitation echo. 
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Fig. 15. Instability line of 11 October 1954 as detected by radars on opposite sides of 

the storm about 1800 CST. Lightning echoes indicated by arrows. Region of common 

coverage shown by arcs. The northern radar is 10 cm, the southern, 23 cm. Note the 

more efficient detection of light precipitation by the 10-cm radar. The pictures were 

taken 6 minutes apart to show lightning echoes in the same region of storm. See also 
Figures 1lc,d. 














Fig. 16. Basic types of lightning echoes drawn from photographs of actual discharge 

echoes. Different patterns are probably a result of difference in charge distribution 

patterns and conductivity of the atmosphere in the volume in which the discharge took 
place. See text for descriptions. 


Fig. 17. “Static” signals from lightning discharges as observed on 23-cm radar. This 

is called ‘‘spoking”’ and need not be confined to the direction from which the signal comes, 

but may find its way to the antenna via a reflected path from some building near the 
radar antenna. 
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Fig. 20. Same echo as shown in Fig. 11(c) to illustrate how echoes can be enhanced 
photographically. This is not a retouched picture. See text for explanation. 
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observed that most strikes on their aircraft occurred near the 15,000-foot level 
(U.S. Weather Bureau, 1949). 

Nearly all extended lightning echoes on PPI scopes have been observed at 
ranges in excess of about 70 miles, and many are detected beyond the 100-mile 
range. Under normal atmospheric conditions the radar horizon is about 5000 
feet above the surface at 100 miles; however, the top of the beam for the radars used 
to make these observations at that distance exceeds 30,000 feet of altitude (AN/ 
FPS-3). If the echoes originated at low levels, one would expect to see a fair 
number of them at close ranges, and vice versa if at high levels, because the 
radar beam increases in height with increased range due to the curvature of the 
earth and vertical beamwidth. This reasoning is strongly supported by the weight 
of observational evidence, thus substantiating the hypothesis of the high-altitude 
origin of extended lightning echoes. Radar detection of high-level discharges 
may also be enhanced by the longer persistence of the discharge due to the slower 
recombination time. However, this may not be a very significant factor. 


(b) Probability of detection 

Suppose a discharge which follows a more or less straight path ten miles in 
length occurs at a range of 100 miles from the radar. The radar has an infinitely 
narrow beamwidth and is scanning at the rate of 5/RPM (30° per second). What are 
the probabilities that the stroke will be swept by the beam if the discharge lasts 
for 1/2 second? 

It is necessary to consider two situations when computing such probabilities: 
(1) when the path of the discharge is on a line toward the radar, and (2) when 
the path lies perpendicular to a line from the radar. In the first circumstance, 
since the radar scans an angle of 15° every 1/2 second, the chance that the discharge 
will occur while the radar scans it will be 15/360 or 1 in 24. Another way of saying 
this is that on the average, 1 out of every 24 such strokes should be observed. 

In the second instance, the stroke will subtend an angle of about 6° at the 
radar. For the radar to scan the whole length of the stroke while it lasts, the 
probability is 1 in 40. For just some portion of the discharge to be observed 
during its life, the probability becomes 1 in 10. If the radar has an effective 
beamwidth in the horizontal of 2°, the probabilities are increased slightly to 
1: 21, 1 : 33, and 1 : 9-5 respectively. 

From these probabilities it is seen that in a storm where several hundred 
discharges occur, the chances are excellent that a number of them will be detected 
with a scanning radar. Fig. 12 shows three consecutive frames of film on which 
lightning echoes, indicating a remarkably active storm, are recorded. That this 
storm was particularly active was verified from a surface station observation in 
the vicinity of the area from which echoes were received. The station reported 
continuous C-C, C-G, and I-C lightning in all quadrants, in light (!) thundershowers. 

The fact that widely separated discharges appear on the same frame of film 
(Fig. 13) does not mean that the strokes occurred at the same instant. If such 
were true, it would strongly imply some common triggering mechanism. From 
the angle subtended by the two echoes at the centre of the scope and the antenna 
scanning speed, the approximate interval between two such discharges can be 
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determined. In Fig. 13 the beam scanned one discharge about 1-3 seconds after 
the other. In visual lightning observation it is frequently noted that strokes 
occur in the same general area a few tenths of a second apart. This suggests 
that the initial discharge alters the electrical characteristics of a large volume 
of the cloud and triggers other strokes. 

If the beam is pointing toward the centre of the discharge when it begins or 
ends, the entire path will not be observed. Fig. 14a,b shows examples of echoes 
where this is believed to have happened, the inference being based entirely on 
the incomplete appearance of the echoes.* 

If the antenna is scanning in a clockwise direction (north through east) and 
echoes are detected which have a flat edge (along a radius to the centre) on the 
end toward which the antenna first started scanning the area, then the stroke 
began after the beam was scanning the discharge region. If the flat edge is on 
the other end of the echo, the discharge was completed before the beam swept 
the entire discharge. Thus assuming clockwise rotation of the antenna, the echo 
in Fig. 14(b) ended while the beam was in the discharge region. 

The film files from which these examples were taken contain records of 
situations in which more than one radar scanned the general area where discharges 
were taking place. While invariably in such cases, both radars detect these 
echoes in the same general area of the storm, in the study of three or four active 
storms in which dozens of echoes were detected, we have not yet succeeded in 
finding a case where both radars observed the same discharge as evidenced by 
its appearance. 

One need not seek far to find the explanation for this. While the chance 
is small that one antenna will be pointing in precisely the right direction when 
a discharge occurs, the odds that two of them are both correctly oriented are 
much smaller. If the antennas are rotating in the same direction, say from north 
through east, and the discharge area lies roughly between the stations, the an- 
tenna of one radar will scan the common area in the opposite direction from the 
other. While this would not affect the probability of detection of discharges which 
occurred on a line between the stations, it would work to reduce the probability 
of simultaneous detection of long discharges which were oriented about normal 
to this line, since the echoes from most: long discharges seem to branch in the 
direction toward which the antenna is turning. This suggests that these discharges 
propagate at a relatively slow speed which coincides with the rate the antenna 
is scanning the area and permits all regions of the discharge to be scanned before 
recombination occurs. Fig. 15a,b shows different echoes from the same region 
as detected by radars on opposite sides of the precipitation area at about the 
same time. 


(c) Types of echoes 
While the echoes exhibit an infinite variety of shapes and forms, many appear 
to have certain fundamental characteristics which may be useful as the basis 


* Because of the manner in which radar time-lapse cameras operate, if the path of the discharge 
crosses the azimuth on which film is advanced from one frame to the next, part of the echo will be 
found on one frame of film and part on the following. 
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for a system of classification. The following tentative list of types illustrates 
some of the common basic features: 

Type I.—Echoes due to essentially vertical cloud-to-ground discharges. These 
are small, inconspicuous, and generally lacking in interesting detail. 
Examples are shown in Fig. 9. 

Type IB.—Echoes essentially like those in I but with branches. 

Type IIl.— Direct, straight-path discharges with long horizontal extents. These 
echoes travel in essentially straight paths and exhibit few branches, forks, 
etc. (Fig. 16a). 

Type ILB.—Echoes from extended sources, showing branches (Fig. 16b). 

Type IIC.—Single-path discharges which show a high degree of curvature 
(Fig. 16c). 

Type I1I.— Discharges which show branches extending in several directions from 
acommom single source. Branches extend in essentially different directions 
(Fig. 16d). 

Type IIITA.—Echoes of the same type as III above, but with branches ex- 
tending in the same general direction and more or less parallel (Fig. 16e). 

Type IV.—Echoes showing a number of paths over the same extended area. 
These have two localized charge centres (Fig. 16f). 

In the examination of lightning echoes presented on PPI displays it must 
be kept in mind that different portions of the echo may differ considerably in 
altitude, and that, because of factors previously discussed, some portion of the 
discharge may be above or below the beam and not be detected. For these reasons 
attempts are not made here to present theories as to the possible charge centre 


positions to account for the various forms which have been observed. With 
more detailed information on heights this problem could be more successfully 


attacked. 


(d) The static signal 

Soon after these echoes were identified, the reason was sought to explain why 
a strong signal was not received if the radar pulse was being reflected by the 
ionized column. In spite of the fact that extremely sensitive receivers with 
highly directive antennas were being employed, more often than not, no evidence 
of any radiated signal from the discharge could be detected. Such signals, being 
unsynchronized with the radar PRF would appear as bright radial lines on a 
line from the centre of the scope toward the azimuth from which the signal was 
received. 

When attention was focused on this matter, careful inspection of film revealed 
that in roughly 1/4 of the cases there actually was some evidence of the reception 
of static noise as shown in Fig. 17. This expressed itself on the photographs in 
various ways, as radial rows of dots, as one or more short radial lines, or as com- 
binations of these expressions. 

It is known that lightning discharges are preceded by at least two distinctly 
different types of leader strokes, the stepped leader and the dart leader. According 
to Lors (1948), the stepped leader advances with remarkable regularity (in any 


339 








Myron G. H. Licpa 


one stroke) at intervals of about 50 microseconds. The progress of stepped leaders 
has been observed both by photography and oscillography. 

The electron beam of the PPI scope moves a distance corresponding to 10 
nautical miles (on the scope) in 126 microseconds. Accordingly, if the advance 
of the stepped leader is accompanied by detectable signals, discrete intensifica- 
tions, separated at intervals of about 5 miles in range or half the distance between 
successive range markers, should be observed. Where dots are visible in line 
with lightning echoes, this is found to be the case, and it is hypothesized that 
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Fig. 18. Diagram cron SCHONLAND, Hopces, and CoLuEns, of oscillograms of stepped 

leader strokes of the « type with schematic indication of the events correlated therewith 

underneath. Potential in the A part of the figure is upward and t¢ is plotted along the 

axis of abscissae. Note the oscillations produced by each step and the intense oscillation 

B caused by the return stroke. The occurrences to the right indicate successive strokes 
with dart leader with no stepping. 


the dots are produced either by successive advances of the stepped leader in its 
channel or the termination of current flow at the advancing tip. This is mani- 
fested by intense illumination which can and has been photographed in some 
discharges. 

Successive discharges along the old channels usually are preceded by a dart 
instead of a stepped leader. The dart leader advances without stepping along 
the ionized path left by previous main discharges at a velocity of about 2 x 108 
cm/sec or 2 x 10% km/sec. For a discharge 5 km long, the time required would 
be about 2-5 % 107% sec which, if producing a signal, would result in a brightening 
of the sweep for about 200 nautical miles. Such long spokes have not yet been 
observed. After the stepped leader has established this channel, the main 
discharge occurs, advancing with a speed of from 3 x 10% to 101° cm/sec (LOEB, 
1948). At this time the main, powerful, static signal is observed as shown in 
Fig. 18. The speed with which this discharge takes place would serve to emit 
signal which would brighten the sweep for about 15 nautical miles for a discharge 
20 km long and a speed of 101° cm/sec. The short dash shown in Fig. 17 is 
about this length. 

There are at least three explanations why such static signals are not frequently 
observed: (1) radiated power at the radar frequency is too low; (2) the antenna 
may not be properly oriented; (3) the signal may be received during the scope 
rest period. 
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The writer in general favours the third explanation since the proportion of 
signals noted seems to be of the right magnitude considering this factor alone. 
The explanation resides in the relationship between pulse repetition frequency 
and scope range setting. The relationship is such in cases studied that the sweep 
takes about 1/4 of the time interval between successive transmitted pulses to 
travel from the centre to the edge of the scope. Any signals received during 
this time can be presented. After the electron beam reaches the edge, no more 
signals can be presented until the next pulse is transmitted and the cycle is re- 
peated. With a range setting of 150 nautical miles and a PRF of 200/sec, signals 
can be presented for about 1-8 milliseconds, and the scope is then inactive for 
about 3-2 milliseconds until the next pulse is transmitted. 

Two factors probably contribute to the somewhat surprising weakness of 
signals from discharges as observed on PPI scopes. The first resides in the very 
narrow bandwidths (of the order of 0-5 megacycles) of the receivers employed. 
Radar receivers are of the superheterodyne type and must be very sharply tuned. 
Accordingly, only that energy of the lightning signal which lies in this very re- 
stricted portion of the spectrum is accepted, amplified, and presented on the 
scopes. The second factor is that the lightning signal, at least at microwave 
frequencies, is of a comparatively short duration, and hence it will only brighten 
a single trace of the electron beam on the PPI scope. The brightness of an echo 
or signal on the PPI scope is not only a function of the original signal strength, 
but also the number of times it is displayed at the same position on the phosphor 
of the scope. This “integration factor’ is very important in the presentation 
and detection of short duration signals (RripENOUR, 1947). It should be borne 
in mind that lightning signals at microwave frequencies will be constrained to 
travel in the same general paths as those followed by the radar pulses and echoes. 
Therefore, only those signal-emitting portions of the discharge which are in the 
radar beam will be detected. These considerations may operate in limiting the 
range of reception of very high frequency and ultra-high-frequency “‘sferics,”’ 
i.e.: they must originate at a point in the atmosphere above the radio horizon. 


6. THe MECHANISM OF THE LONG DISCHARGE 


The reader will perhaps find the concept of discharges 50-100 miles long 
somewhat difficult to accept. However, if one can conceive of C-C discharges 
of 5 km across a clear air gap, and such have been observed by GuNN (1954), it 
is not difficult to demonstrate that high level, I-C discharges of ten times this 
length are not unreasonable. If the discharge is at high level and its path entirely 
in clouds, the resistance along the path is appreciably reduced because of both 
decreased pressure and the presence of liquid water.* Hence lower breakdown 
voltages are required for the charge to jump between the two centres. In addition 
to this, NEwMAN (1953) suggests a mechanism by which he was able to produce 
sparks in the laboratory between two gaps with about 1/50 of the normal break- 
down voltage. His suggested circuitry for long discharges is shown in Fig. 19. 

It is well known that the great majority of C-G discharges occur between a 


* The breakdown voltage at 20,000 feet is roughly 50% of that at sea level due to decreased pressure 
(Smithsonian Physical Tables, 1934). 
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negative cloud base and a positive ground. The leader stroke in such cases pro- 
gresses from the cloud (which contains a higher concentration of charges and is 
considered to be a point source) to the ground plane. There are several obser- 
vations which show that before the tip of the advancing step leader reaches the 
ground, a positive streamer starts from the ground toward the descending negative 
leader and meets it at a place called the junction point. Branching occurs in the 
direction of advance of the leader whether positive or negative. 

In a number of photographs of long lightning echoes, distinct branching 
is evident (Fig. llc). While these are branches which may be several miles or 
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Fig. 19. Newman’s (1953) sieges of the circuit of long disliieais With such a 
circuit he was able to ae discharges with about 1/50 the potential difference required 
for an ‘“‘open-gap”’ spark. 


tens of miles in length, it is suggested that they also indicate the direction of 
advance of the leader. Where such branching is evident, it invariably appears 
to be in the direction from heavy toward lighter precipitation. 

Unfortunately, from the radar observation alone it is not possible to determine 
whether the leader stroke has its source in a positive or negative charge centre. 
However, it may be noted that roughly one half of the potential difference is 
required for electrical breakdown between a positive point and a negative plane 
than vice versa. This is given as the explanation for the high frequency of lightning 
strokes on the Empire State Building which permits a high concentration of 
positive charges to accumulate beneath the negative cloud base so that the building 
itself acts as a point source. In the case of C-G and I-C discharges we have a 
charged field rather than a plane, but since the breakdown potential depends upon 
the resistance offered to the tip of the advancing leader rather than the relative 
concentration of charges, conditions may otherwise be the same. The theory 
has been advanced that in isolated thunderstorms the top of the cloud has a 
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positive charge relative to the cloud base, the cloud forming what might be con- 
sidered a dipole. If the charge-separation process is the same in a line of thunder- 
storms, the high C-C and I-C discharges might well originate in positive charge 
centres from the tops of the heavy precipitation areas back toward the regions 
of lighter precipitation, while the negatively charged bases discharge to the 
ground. 

~The cloud droplets must themselves be closely associated with the charge 
centres rather than the raindrops; otherwise we would have evidence of C-—G 
discharges which terminated below the cloud base in the clear air or in the pre- 
cipitation column. One also wonders, considering the dipole distribution of 
charges in the isolated thundercloud, whether there might not be many discharges 
in the cloud from base to top which have heretofore escaped observation. 


7. SUGGESTIONS FOR FuTURE WorRK 


As is to be expected, a discovery such as has been described above, presents 
more questions than it answers and opens up a powerful new line of attack on 
the subject. Ifa well-organised programme were set up, the writer is convinced 
that significant progress could be made toward the eventual solution of the 
following problems: 

1. Identification of the regions in clouds where discharges originate. (Locating 
these regions would be of great help in explaining mechanisms of charge 
separation, etc.) It may be mentioned here that any satisfactory explanation 
of the lightning mechanism must provide for the frequency of extended 


discharges in the areas of comparatively light precipitation or where only 
clouds are present. It would be very interesting to compare the locations 
of charge centres as described by REyNoLpDs and Nem (1955) with radar 
observations. Certainly good radar observations would be of enormous 
assistance in the interpretation of surface observations of the type des- 
cribed by REyNoxtps and Nery (1955). The radar observations may be 
made at stations some distance from the surface network. 


2. Illumination of the relationships between sferics and the lightning 
mechanism. 

3. Establishment of the rate of recombination after termination of the main 
discharge. 

. Advancement of the understanding of the nature of cloud-to-ionosphere 
discharges reported by Maran (1951) and their relationship to C-C and 
C-G discharges. 

. Advancement of knowledge concerning the nature of sferics associated 
with tornadoes (JoNES, 1951). Though such have not been observable, 
the writer believes that many discharges may take place between the top 
and base of isolated thunderstorms, perhaps more than go from cloud base 
to ground. Suitable radar observations would show this. 

There are undoubtedly many other topics which will suggest themselves to 
authorities in the field of lightning research. -The possibility of detection and 
study of corona discharges and hydrogen atom radio energy radiation at 21 cm 


343 





Myron G. H. Liapa 


wavelength (Box, 1954) which may accompany lightning discharges is one such. 

Fortunately, a well-planned research programme should encounter little difficulty 
in obtaining large amounts of first class data in a single thunderstorm season. 
Presently available radar equipment may be slightly modified and observational 
techniques adapted in the following ways to increase the quality and quantity 
of data: 

1. The pulse length should be shortened as much as possible thus allowing 

for the maximum increase in the transmitted power. More important, 
reducing the pulse length serves to reduce the power of the echo from 
precipitation without appreciably reducing the lightning echo. Accordingly, 
it would increase the number of observations in areas of light and moderate 
rain. 
After the lightning area is located, this region only should be sector scanned 
by the radar (lightning is usually confined to a fairly restricted zone along 
a front). If the sector from which lightning echoes are received is 60° wide, 
by sector scanning, the number of strokes observed may easily be increased 
by a factor of 5 or 6. The use of off-center PPI scopes is recommended to 
decrease the scale of the scope and improve resolution. 


A simplified method developed in our laboratory for detecting lightning echoes on time- 
lapse PPI scope film is the following: After the film has been developed, a copy is made of 
opposite polarity to the original (positive if the original is a negative and vice versa). The 
two film strips may then be matched together, displaced by one frame, placed in the copying 
machine with a third, unexposed film strip, and a copy made of the matched strips. The resulting 
film will be a negative showing very little except the lightning echoes which will be quite dark 
in contrast with the rest of the scope image. By use of this technique, lightning echoes, which 
might otherwise be overlooked because of being embedded in regions of relatively intense 
precipitation echo, may be located with comparative ease. A print from such a film showing 
one of the lightning echoes observed in Fig. 11 is shown in Fig. 20. 
If the video signal during each complete scan of the antenna can be recorded on a tape 
or memory drum and subtracted from that of the following scan, lightning echoes could be 
displayed alone on a special long persistence indicator at the time of observation. This would 
be of use in immediate location of electrically active regions of storms which might be of interest 
to flyers, forest-fire observers, and meteorologists. 
3. The PRF should be increased to the maximum amount commensurate 
with scope range settings to increase the number of echoes received. 
The use of auxiliary equipment such as a pulse integrator (Ligpa, 1950), 
drum-type cameras, oscilloscopes, signal analysers, field-strength meters, 
and sferics equipment, where available, is more-or-less assumed. The 
effects obtained when special radar circuitry, such as MTI (moving target 
indication) and FTC (fast-time constant) are used, should be explored. 
In the opinion of the writer, lightning echoes will be eliminated by MTI 
techniques. 
Associated vertically scanning and V-beam radars should be used to obtain 
height information simultaneously with the PPI displays. The AN/CPS-4 
(10 cm) radar which has a fairly broad beam in the horizontal would be 
a suitable radar to use for this purpose. 

The most complex and extended discharges, about which nothing is known, 
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seem to be most often observed in connection with line squalls. Probably these 
could best be studied in the midwestern United States during the spring months 
of the year. Due to the flat terrain, good radar coverage can be obtained with 
little difficulty in this area. 
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RESEARCH NOTES 





The measurement of cosmic radio emission 
for ionospheric studies 


(Received 10 May 1956) 


It is well known that the radiation coming from an extended area of the sky can be used 
to supplement the information on ionospheric absorption given normally by the echo 
method. The continuous spectrum emission has been observed on various frequencies 
above 18 Mc/s. Recent work (LOVELL, 1955) dealing with the Cassiopeia radio source has 
shown that the level of energy seems to fall off under 20 Mc/s but from the very few data 
available there would seem to be an intrinsic interest in making measurements at even 
lower frequencies. 

At low radio frequencies, the aerial will normally have small directivity and there is 
likely to be strong interference from commercial traffic. The purpose of this note is to 
describe a technique which we have devised and used to record automatically the cosmic 
noise on 24 Me/s received at Meudon Observatory, three miles south-west of Paris where 
there was severe interference from both strong commercial stations and unprotected 
ignition circuits of training aircraft from a nearby airfield. The receiver is of a conventional 
superheterodyne type having an intermediate frequency of 472 kc/s and bandwidth, 
2 or 3 ke/s. Three small ganged condensers were connected in parallel with the three tuned 
R.F. circuits so that the frequency could be varied between 24 and 24-1 Me/s, by rotating 
the shaft of the ganged condensers continuously by a small synchronous motor at a speed 
of 1 r.p.m. During operation the tuning frequency sweeps over all the signals present in 
the 100 ke/s band and, after passing each signal, the output current falls to a minimum 
which is the noise level. To record this minimum level the varying output current is 
analysed by the following arrangement (Fig. 1): 


Electrometer tube 
and recorder 





Fig. 1. The re-eiver R sweeps 100 ke/s in frequency; it has a quick-action AVC to prevent 
the noise vanishing when a strong CW is swept across. It is followed by a clipping diode D 
delivering an IF voltage to an extra IF stage B without bias condenser on the cathode; 
that arrangement provides limits to the IF voltage transferred to the second detector d. 
The rectified noise current is then subtracted from an auxiliary steady voltage in the 
resistances r7’ in such a way that an increase of noise give a decrease of the voltage applied 
to a diode D’ acting as a peak voltmeter. The tank condenser C (10 uF) is biased by a 
resistor p (10 Meg.). The time constant for the charge of C averages 2 sec. The discharge 
time constant, owing to the presence of the diode D’ is several hundred times higher. 
A recording electrometer measures the voltage across C. 
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Despite severe interference of the type mentioned good records have been obtained 
(apart from zero drift) even when the receiver was left unmonitored for three weeks. The 
rotation of the sky could be followed, the smooth maximum corresponding to the culmi- 
nation of the Sagittarius region. A representative portion of the recordings is illustrated 
in Fig. 2. Continuous records were taken between 18 November 1952 and 30 January 1953 
giving a total of 1700 hours. 

Although this work has had to be postponed it was felt that the instrumentation 


described here might be of assistance to other experimenters. 
M. LAFFINEUR 


Institut D’ Astrophysique, Paris J. D. WuarreHEAaD 


Cavendish Laboratory, Cambridge 
REFERENCE 
LovE tt A. C. B. 1955 Joddrell Bank Radio Astronomy Symposium 





A rigorous method of analysing data of the rocket-grenade experiment 


(Received 27 June 1956) 


BETWEEN July 1950 and September 1953, the Signal Corps Engineering Laboratories’ 
(SCEL) rocket-grenade experiment was carried out successfully on twelve occasions with 
Aerobee rockets at White Sands. The data from these firings have now been analysed, and 
results of temperatures and wind velocities between 30 and 80 km altitude have recently 


been published (Stroup et al., 1956). 

Any attempt at determining the speed of sound in the open atmosphere has to take 
account of the possibility of the results being seriously influenced by the motion of the 
atmosphere. In the early determinations of the speed of sound in air, made by timing a 
sound wave between two points some miles apart, the effect of wind was mainly eliminated 
by arranging simultaneous transmissions in both directions. The procedure has been similar 
in the abnormal sound propagation experiments of Crary and other workers, the contri- 
butions from wind and temperature being separated out by timing sound waves travelling 
in various different azimuthal directions. Another way, by which the presence of wind may 
be detected, is its effect on the direction of arrival of the sound waves at the reception point. 
This method has been adopted in SCEL’s experiments, using an L-shaped array of five 
microphones spaced 1000 feet apart on the ground roughly vertically beneath the grenade 
bursts. 

The theoretical problem of separating out the effects of wind and temperature in the 
rocket-grenade experiment has been treated by SCEL by a method of successive approxi- 
mation (FERENCE et al., 1956). Firstly, the wind is found using temperatures that are 
uncorrected for wind, and then the speed of sound (and hence temperature) is found using 
these wind values, etc. The longest part of the calculation appears to be finding the wind 
velocity, as this requires the solution of 19 independent equations by successive approxi- 
mation in order to obtain the two unknown components of wind velocity (WEISNER, 1956). 

The object of the present note is to point out that a theory is now available (GROvVEs, 
1956a), which enables the separate contributions from wind and temperature to be 
calculated directly from the experimental data. Besides the usual assumption of a hori- 
zontally homogeneous atmosphere, the theory is based on the assumption that the 
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atmosphere departs only slightly from being a uniform medium of propagation, i.e. that 
the variations with height in the speed of sound and in the wind velocity are small compared 
with the speed of sound. On presently available evidence this assumption appears to be 
justified up to 90 km altitude and possibly even higher, as variations in wind- and sound- 
velocities with height are of the order of about 50 m/sec, and so are small compared with the 
speed of sound (~320 m/sec). This assumption replaces the assumption made by SCEL 
that winds and temperature are constant in any horizontal layer defined by two consecutive 
grenade bursts, and Jeads to a more refined mathematical treatment of the problem. 

Let (x, y, z) be the co-ordinates of a grenade burst with respect to Oxyz-axes, where O 
is the reception point on the ground at which the microphone array is situated, and let t be 
the travel time of the sound wave to O. Let a and b be the velocities with which the 
incoming sound wave passes O in the directions Ox and Oy respectively. In terms of this 
single set of observations, it can be shown (GRovEs, 1956a) that 


—2z{(x + 22/a7)/t + small-order terms} 


{(y + 22/br)/t + small-order terms} 


€ = 2{[1 + (z/kr)?}!/2z/t + small-order terms} 





J 


y 


where u(Z), v(Z), are the Ox, Oy-components of wind velocity and c(Z) is the speed of 
sound at height ¢, and 
t=t+2la+ y/b 


1/k? = 1/a? + 1/6. 


From observations on NV grenades, bursting at heights z = z,...z,, values can therefore 
be calculated for the functions U(z), V(z) and O(z) at z= 2z,,...z2y. By either graphical 
or numerical differentiation of these values, empirical determinations of u(z), v(z), ¢(z) are 
obtained. With N grenades, U(z), V(z), C(z) may be expressed as polynomials of degree 
N—1 inz, and then u(z), v(z), c(z) would be obtained as polynomials of degree N—2. Thus, 
two grenades would determine constant values for the wind and speed of sound, three 
grenades would determine a linear variation with height, while four grenades would 
determine a quadratic variation with height, ete. 
Certain points may be noted in connection with the above results: 


(a) It is not necessary to assume that the wavefront received at the microphone array is 
plane. In practice, a and b would be determined by spacing microphones along the Oz-, 
Oy-directions, and taking the derivatives of the distance v. time relations for the passage of 
the wavefront along each of these lines at O. If the wavefront were curved, these relations 
would show a finite acceleration, but a and b would still be the derivatives at O. In 
practice, extending the microphones much beyond the region over which the wavefront is 
sensibly plane would improve the accuracy of a and 6 only very slightly. 

(b) It is not necessary to know the surface air temperature at the microphones. In SCEL’s 
experiments, this quantity was accurately measured (to 0-2°C) in order to obtain the surface 
speed of sound, which is required for calculating the directions of arrival of the sound waves. 
Since surface-air temperature is a superfluous measurement, the particular value used for 
it would hardly be expected to influence the final results. This statement is supported by 
SCEL’s investigation into the effect of errors, which showed that a 1°C error in surface-air 
temperature would introduce an error of only 0-02°C into the computed upper-air 
temperatures. 
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(c) The small-order terms in (1) comprise second- and higher-order contributions from the 
variations with height in the wind velocity and speed of sound. Expressions for the 
second-order contributions have been derived (GRovEs, 1956a), and an estimate has been 
made of their magnitude for certain typical atmospheric and experimental data. In the 
case of nearly vertical rays, the contributions are not expected to exceed 0-8 m/sec; and so 
these terms could be neglected, if the errors from experimental sources were thought 
likely to be greater than this amount. 
(d) A further source of error affecting the final results would be an insufficient number of 
grenades. The more oscillatory the nature of u(z), v(z) and c(z), the closer would need to be 
the spacing of the bursts in order to detect these variations. 
(e) In (1), the effect of vertical air motion has been neglected. This has been necessary 
because observations on a single ray from each grenade burst suffice to determine only three 
unknowns, and these have been chosen to be u(z), v(z) and c(z). The effect of a vertical 
component of wind velocity w(z) would be to increase U(z), V(z), and C(z) by amounts 
2 
—W(z)z/ar, —W(z)z/br and [1 + (z/kr)?]/*W(z) respectively, where W(z) =| w(l) dé. 
0 

Returning to the results of SCEL’s experiments (Stroup ef al., 1956), temperatures in 
the region of 50 km were found to be distributed about a mean, which was 15°C lower than 
standard-atmosphere values based on all recent experimental results. This difference was 
also found in the 7'-day experiments, when various methods were used within the same 
24-hour period. On the other hand, comparisons with balloon measurements in the region 
of 30 km have been much closer. Since wind speeds were always much greater at 50 km 
than at 30 km, it may be that the analysis has not been completely effective in correcting 
temperatures for the effect of wind. A recalculation of the results of these firings on the 
basis of equations (1) would seem to be well worth while. 

SCEL’s work on the rocket-grenade experiment has demonstrated the feasibility of 
using sound propagation for obtaining upper air winds and temperatures at least up to 
80 km. Their success has encouraged this department to undertake this type of experiment 
in the forthcoming British programme of rocket experiments (JONES and Massey, 1956). 
These grenade experiments will differ from SCEL’s method, chiefly in the use of a more 
extensive distribution of sound-detecting equipment on the ground. It is hoped by this 
means to be able: (i) to improve the accuracy of the temperature and wind determinations, 
as these will not be so critically dependent on the measurement of small time differences 
between the various microphones; (ii) to determine vertical air motion if this is at all 
appreciable; (iii) to be able to derive pressures from the hydrostatic equation with good 
accuracy; (iv) to check the consistency of the observations by the method of least squares; 
(v) to average out the effect of any horizontal inhomogeneities in the wind and temperature 
structure of the atmosphere. 

A rigorous theory for analysing the data of this form of the rocket-grenade experiment 
has been developed and is in publication (GRovEs, 1956b). 


Department of Physics G. V. GROVES 
University College, London 


REFERENCES 
FERENCE M. et al. 1956 J. Met. 18, 5. 
GROVES G. V. 1956a J. Atmosph. Terr. Phys. 8, 24. 
1956b J. Atmosph. Terr. Phys. 8, 189. 
Jonss F. E. and Massry H. 8S. W. 1956 Nature 177, 643. 
Stroup W. G. et al. 1956 J. Geophys. Res. 61, 45. 
WEISNER A. G. 1956 J. Met. 18, 30. 


351 





Research notes 


Relationships between the geomagnetic micropulsation and the solar UM region 


(Received 23 July 1956) 


Tue identification of the M region with the solar UM region has recently been established 

by Bascock (1955), although there were some indications of the properties of this region, 

e.g. the roots of white-light coronal streamers (ALLEN, 1944), the filaments (KIEPENHEUR, 

1953). It was shown by them that a pronounced increase in the K , (geomagnetic planetary 

index) occurred 1-4 days after the CMP of UM regions for 9 successive solar rotations, 
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Fig. 1. The day-by-day diagram of the wave-train-type geomagnetic micropulsation at 
Onagawa Geomagnetic Observatory. The U-shaped curves denote the solar UM regions, 
which are reproduced from BasBcock’s diagram (1955). 


31 March to 28 November 1953. Therefore, these UM regions are very likely the origin 
of a 27-day recurrence in geomagnetic disturbances. In general, the geomagnetic activity 
(K,,) is estimated from fluctuations recorded by the ordinary magnetometer. 

It is the purpose of this note to point out that there is a more sensitive and closer 
relationship than K, between the solar UM regions and the wave-train-type geomagnetic 
micropulsations which are recorded by the special magnetometer (e.g. an induction-type 
or quick-running magnetometer). The remarkable features of these micropulsations 
are their high regularity of period and their dependence on local time. Their periods 
are predominant about 20-30 sec with beat-type variation of amplitudes (<5 y), and 
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they appear extensively in the sunlit hemisphere. According to Kato and Oxupa (1956), 
they appeared simultaneously at Peradeniya, Ceylon, and at Memambetsu, Japan, in 
spite of the large distance (about 7680 km). 

The relationships between the UM regions and the wave-train-type geomagnetic 
micropulsations are best illustrated by the day-by-day diagram of the latter for the period 
covered by Bascock’s observations. The activity of geomagnetic micropulsation is 
divided into “‘classes of activity”: remarkable, existent, slight, and zero, according to 
their amplitudes and duration. The pronounced increase in the activity of micropulsation 
also occurred 1-4 days after the CMP of the UM region. The result is strengthened by 
the fact that they showed marked increase on 11 April, 7 May, and 3 June 1953, though 
the K, showed only an appreciable increase. Fig. 1 shows the day-by-day diagram of 
wave-train-type micropulsations. The U-shaped curves denote the UM regions, which 
are from Bascock’s (1955) diagram. 

This important ‘‘fine structure” on the ordinary magnetogram has drawn little atten- 
tion in this connection. Though there is no theory established relating to the mechanism 
of origin of these micropulsations, the theory of outer atmospheric oscillations developed 
by Duneey (1954) and Kato and AKasoru (1956) seems to be the most promising one. 
This standpoint extended by these latter is based on the interaction of outer atmospheric 
surface layer with the solar streamers or wavelike disturbances originating ultimately 
in the UM regions. The disturbances generated at the outer atmospheric surface layer 
on the sunlit hemisphere may be transmitted through the outer atmosphere being guided 
by the symmetrical magnetic lines of force, and appear on the ground as the geomagnetic 
micropulsations or as the shock waves in the ionosphere (Akasoru, 1956). On the other 
hand, the night hemisphere is free from the solar streamers or the wavelike disturbances 
in this way. If we assume the corpuscular streamers have substance, the essential difference 
of K,, from the activity or geomagnetic micropulsation seems to be that a small amount 
of hydromagnetic disturbance built up by them at the outer atmospheric surface suffices 
for the latter (e.g. low-energy streamers), while they need to rush into the ionosphere 
to make the appreciable fluctuations on the ordinary magnetogram. 

Under such circumstances, these micropulsations not only play a role as a sensitive 
detector of the solar UM regions, but will yield valuable information about the hydro- 
magnetic clouds emitted by the UM regions, and further about the UM region itself in 
the subsequent developments of the theory. In this connection, they may also be important 
to the theory of 27-day modulation of cosmic rays (NAGASHIMA, 1953; Morrison, 1956). 


Geophysical Institute YosHio Kato 
Tohoku University Syun-IcHI AKASOFU 


Sendai, Japan 


Note: Recently, the wave-train-type geomagnetic micropulsations, herewith 
named, have been classified as ‘“P,’’ type pulsations by the Committee of Rapid 
Magnetic Variation and Earth Current of IUGG. 
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Book reviews 


FLETCHER G. Watson: Between the Planets. The Harvard Books on Astronomy, edited by 
Harvard University Press. London: Cambridge. HARLow SHAPLEY and Bart J. Box, 30s. 


F. G. FLETCHER’sS Between the Planets has, for some years, been regarded by many people as a 
minor classic of scientific literature. Pleasantly informative, it has provided the nonspecialist 
with an excellent introduction to the study of those heavenly wanderers known as asteroids, 
comets, meteors, and meteorites. When the first edition appeared, in 1941, the observation of 
such bodies had, for centuries, proceeded almost wholly by way of the naked eye, the telescope, 
and the spectroscope. In that edition a few sentences only were devoted to radio methods of 
meteor observation; and certainly no hint was there given of the revolution such methods were 
going to bring about. 

In the present, second, edition the chapter headings of the first have been retained and the 
text of those chapters revised and, in places, extended. But the only concession to the progress 
accruing from the use of radio methods of meteor investigation is the inclusion of an additional 
chapter, of twelve pages, entitled ‘““Radio Writes a Record.’ Such an inadequate tribute to the 
enormous advances due to the adoption of radio techniques invests this new edition, then, with 
a lack of balance. The older methods of investigating meteors by visual means left much to be 
desired; and it seems to the reviewer that the author has failed adequately to acknowledge 
that radio techniques have not only provided satisfactory answers to age-long problems which 
were unresolved by visual methods, but have also opened entirely new fields of meteor study on 


which the older branch of astronomy was entirely silent. 
KR. V. A. 





Cart StORMER: The Polar Aurora. pp. xvii + 403, Figs. 216, Plates 34. International Mono- 
graphs on Radio (General Editors: Sir Epwarp APPLETON and R. L. SmirH-RoseE); Oxford: 


at the Clarendon Press, 1955. 55/-. 


As Professor of Pure Mathematics in the University of Oslo, after work on such topics as series, 
theory of numbers, and theory of functions, STORMER became interested in BIRKELAND’S striking 
experiments on the movement of cathode rays in magnetic fields, intended to explain the aurora 
as due to electrons from the sun. Thus, from 1904, he devoted himself to mathematical studies 
on the trajectories of an electrically charged particle in the field of a magnetic dipole. These were 
supplemented, from 1909, by observational research on the height and position of aurora by 
means of parallactic photography. 

The book starts with descriptions of the various forms of aurora, reports on the geographical 
distribution, frequencies of appearance, motions, relations to geomagnetic disturbance, methods 
of visual and photographic observations. The chapter on the measurement of the photographic 
plates reports in detail on the graphical methods finally adopted. The results of such photo- 
grammetric work in northern and southern Norway are extensively discussed. They are compared 
with the interesting work done in north-eastern Greenland (French-Norwegian Expedition 
1938/39) where arcs at distances from the geomagnetic axis pole smaller than 14° were observed, 
and with the Aurora Australis as measured from New Zealand by M. GeppeEs. Preliminary 
results from Thule, only 2° from the geomagnetic axis, are announced. The great amount of 
material collected by the author in Southern Norway allows him to describe many features of the 
more common forms as well as of such unusual phenomenae as isolated pulsating arcs, pulsating 
spots, flashing arcs, cloudlike aurora, exceptionally high arcs, and a grey-violet auroral curtain. 
A special chapter describes the remarkable sunlit aurora. Colour, intensity, and spectrum are 
extensively discussed. Part 1 of the book closes with chapters on 10-cm radio waves emitted by 
the aurora, wireless echoes of long delay (several seconds) possibly reflected by corpuscular 
currents far out in space, wireless echoes from the aurora, absorption of corpuscles penetrating 
from without into the atmosphere, and the emission of electric corpuscles from the Sun. 

Part II is devoted mainly to a most welcome exposition of STORMER’s famous work on the 
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solution of the differential equations governing the motion of a single electric particle in the 
field of a magnetic dipole, including the methods and results of numerical integration, as well as 
applications to the theory of the aurora and to the experiments of BIRKELAND, BrUcHE, and 
Matmrors. After summing up “‘what the mathematical theory can or cannot explain,’’ some 
extensions are given, including the effect of an equatorial ring current. Other aurora theories 
mentioned are, among others, those by CHAPMAN and FERRARO, D. F. Martyn, and H. ALFVEN. 
Remarks on miscellaneous related subjects conclude the book. Among these, the reference to the 
application of the author’s theory on the motion of cosmic-ray particles opens an important 
development which could not be foreseen at the time when the author developed his theory: 
a beautiful example of what LerBniz called ‘‘die prastabilierte Harmonie zwischen Denken und 
Sein.” 

In this age of ‘“‘team-work,”’ this splendid book is a monument to the devotion of a single 
eminent scientist to a fascinating subject of ever-widening interest. There is no doubt that it 
should be in the hands of every worker on aurora, the ionosphere, geomagnetism, solar physics, 
cosmic rays, in fact, on all subjects ranking foremost in the programme of the forthcoming 
International Geophysical Year. 

J. BARTELS 
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